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The Se r i ~a l iz ab i li ty  of Concurrent Databast Updates

by

Chr isto~ H.  Pap a d i ni t r i ou
~ s. ie nu t t ~. I n s t  i t Ut t t T~~ hno 1 o~’ v

Abs tract

A sequence of in te r leaved  u~.t ’r t r a n s a c t  ions in a database sy’;tem rri.sy ~ot

~~ ~~~~~~~~ ~~ , t .e. , e ; u  t v ~ale n t sc ’r . .’ st~ lu~ nt i a l  “xecut  i n  of he

ind ividua l t r a1 .~~.i ” ~~~~~~~ ~~~~~ 1 s i :-~ i t  t r ans . ac t ion  n~~del W show t i . i t

r e c o q r i i z i n ;  ~~~ • i~ tr~~., t t  i~~~ h t , r 1 ( ,~ w h i ch a i •  - .l r i a l tz a b l P  is an ~JP—

co~~~l e t t •  l t ’~r . ~~. t h t r . f  %~~ m t  ~l ’~~ V t~ I t f f i  ~~nt iv rec. ;nxzable

subclasses of th~ c l a s s  of •;erial i;~ h t i  h i  ~;t&)r o ;  ~~.st of ‘hess i~ub—

classes ~~~~~~~~~~~ t~~ ~oo m . i  i z a b m l i t y  I !  m t i m I ~les  i x i s t i n g  in the

l i t e r a t u r e  ~lf l i  w40 i in  i ct ’ . Wt .0 ~~~~~~~~~~~~~~~~~ t~~ ~CW ~ r i nc iples

which subs~~ e all ;
~~ 

.‘vio us ly  kno~~ one s. We ~iv t  n .’ . e~~sary and sufficient

conditions for i Ci.~~~ 5 of ~~~ ‘r’.’ 9 to be the t ’u t l u t  of an efficl.Tt

history  1~~-he !u e~ the’~t’ c )n-iitions mrn~ ly that the re can be no eff~ cient

scheduler !:~t o~ t~~~t s  a l l  o’ c t ’r m a l i z a h l e  h t c ~ o r m e s . and al~;o that  all.

subclas~ e’~ of se; i a lj z ab l .  hm ;tor  ie~ st ~d m. ’d  abovq have an e f f L c i e n t

s~ h s 1~~ler .  F i n a l l y ,  we ‘~~.• w  how o n  r e s u l t s  - m n  be extended to f a r  wr e

general t r a n s a c ti on  t w d e l ! . ~~~ ‘ t r an s a c t i o ns  w~ t h  p a r t l y  in t e r  r e t p ~

functir,ns , and f ’  I i ~~f r i h n ~ r i  database systems .

Research supported by NS~ Gran t s  ?~~S-~~7 - i ) I l 9 3  and MCS-77-053 14.
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1 INTRODUCTION

- ~:
In many a m u.t t t o n - . many u ser s  may ~-~o~~u l  t and update a co~~~~n data-

base . We can t h i n k  of such in . .it~j t•n~irnt  use r  t ransac t ions  as sequences of

~~t.om t~ - database ~p~n ~m t ions , irite rle• .~vt•~1 w i t h  computat ions  that  are 1o~~.t1

to the u s er ,  tha t is , the y do not a f f e c t  or ~leper ; 1 on the current  state

of the database. it  i •~ a f i r n c t i ’ ;  of database management to handle the

update and retrieval re ruest;; r~~i i e  by th~- u n e r ; ;  i n  such a way so th .~t th e

resulting o v , - r - t l l  .• ‘ -. ‘; is  in some •t~~ r h r  ; t t  e -  n e - n s  or r e t  • It is

tent r ill y ic c~•: t I • fl j~~~~~ • , for ~~~~ 1.- , HIs ’ , , ; F ; I T )  , ~~~~~~~~~~ — — ;~~at

the r ;~~ht  not i on  of com r~- -
~~~~ coO ; 1;; • m t  •-xt i S  t h a t  f

A se ju ( ;o- e ’ of  m t ; r ;  : . r m ; , i e t . - ; ’r , t r i e v m l ’ ;  mm ; a ; i .  I

es sen t i a l  1 y i f i’ ‘vt r d  I . • t is a;; . bough t h ~s.• r s t .~ )k turn s , in

some order , e x e - i t  i n ;  e ach  t h e i r  e n t i re  t r a n s a c t i o n  r ;~ !ivi’ m I I y .  The

simplest example of a ; o n — s ’ r m a l i  .~m l I c  e~~- men e i s  a p r i m i t i v e  forts of a

race ” . l~~~q i ; .e t~~~~ ‘r~ crs hit i n - r t ment a counter  by f i r s t  sensir ;’: i t ;

value , and later req : -o e ~r~~nu in increased one . I f  ~~~~ users r e t r iev e

the value ‘f • h i ;  • e r  t ’~ ‘ r t • ;  h . r ‘ f heir m i S  ~i .da e’d i t  , t he

r e su l t i ng  exe - i t  : ‘ ; m  s.• ,u . r1~~e - — — o r  ‘. 8 1 4 — — i S  not • ; • ‘r m , - i i m z a b l e .  T hi s  is

because i~~’ h T~~s c i i ~le ’ ‘;e r i~~l execut ions  f these t r ansact  i c r n s  would have

resulted in -i lir n’r ‘o t a l  inc rement . N a t u r a l l y ,  much subt ler  examples

e x i s t .

The a~•i’eaI of s er i a l i z a b i l i t y  •is a correctness c r i t e r i o n  is qui te

easy to j u st i f y . Databases are supposed to be faithful u~ dels of parts

of the world , and 15cr tr s r; ,’~t lon s  represent instantanecus  changes in

the w o r l d .  S i n - c ’  such han ic’~ are t o t a l l y  ordered by tençoral p r i o r i t y .

S.
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the only acceptable interleavings of a tc ’r i c  steps of different trans—

actions are those that are equivalent  to some sequent ia l  execution of

these transactions . Mother way of viewing serializability is as a tool

for £nsuring sy st e r m  -orrectoess.  i f  e t c . user transaction is correct——i.e.,

when run by ;t5elf, it  i n  guaranteed t o  ma l consistent states of the data-

base to consistent stat e , — .iO.j t r~~nna -t i n s  are guaranteed to be inter—

r m m m . q l c . i  in  t serializable ~ a ,  t her; the overall system is also correct.

In t hi,; ~~ .-r we consi icr transactions that O I O ~~~5t of two atomic

tctiOns : a r~• t r m ~~vaI of ti .’ vain - ;; c f  a set of database entities——called

• the ~~~~~:~~~-;‘.~~~ of t h e  ~ransact;on--foIlowed by an update ~f the values of

another set of en t;ties~ _thi? :~r :.’-p. f. This is exactly the kind of

transactions handled hy ht ‘y nt e r i  snr’-l IRGRP), [s-; ;. Hewever, the

main reason f o r • - . ‘ ; . s - . t e r m ; . ; t h x s  model h. r . is that it provides a nice

framework f o r  ~m r i• r ~~t u i ;  no and -orq -.lr i n - ;  very i i  flerent philosophies of

‘ ri - i l i zahi ii ‘v a i r  c m — ~v - x i  ;.; in  t h e  literatur e——. ’ . . , (85 ) , ( h I . I~ I

~EGLT ) , : it,;i-~- . :s-~~ i t t -  j  a s- ;  .ir. ’~~t s i r ;  1 i c i tv  , i t  v i e 1~1s a theory of

er i,~1 izabili~ y tha ic- T i  - ‘ i i  - -omi m i  at  ~r-; il intr mco ac me r , and raises

m nterpit ;;,; ~- o r m p I e x i t y  ;ues m r ~r.s . ~;ince our model mc the most general

‘-ou ~~on r e ’ t r l  t i or  of t h e  ~~‘ ic ’Is m r  hi- various references cited above,

ur ne<lative resultc - ’~~ y “ e r t u i t i r n  t~ those mod.~ls .  Furthermore , most

•~f our positive results and -h .-m ract. ’rizatma r s are also easily generalizable

to more general c m t i ~m t l , nc , although their proofs--In many cases their

very statements—-wr.uld be ext remely  cumbersome . ilen .- -” , we view our model

i s  a convenient l m r c m u a - i ° , of the right degree of conceptual complexity,

for developing and coeinunicatinq our ideas about serializability , rather

thar. a set of restrictions that ‘~n a t - l e  the proofs of certain theorems.
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We formal ize our model of transactions in Section 2 , where some pre-

l isLinary results are also proved .

In Section 3 wi. prove that the question of whether a given sequence

of read and write operations corresponding to several transactions (called

a mf~~~’r’.~) Is t .- rial izab c is  NP—coml lct’.- (AHU), (Ka). This suggests

that , most probably, there is no efficient algorithm that distinguishes

between serializable and not;-serlalirahle histories.

In Section 4, we study some ef fi : ierc ~~ recognizal Ic subsets of the

set of Her mal m: .m t 1 .- hi tor m . s. In other -*~o rd; ; , we m rece nt polynomial—time

“heu.rist ics hat tu r- )xmr ~ • - ho Ni’— .-orm~ 1t-t c predicate of serializability——

in a manner ;‘;i e -  ~ r m i ; . i s ’e; t of off ~c m e ’1;~ a~h roxmrm.1t loi s of NP—complete

opt ion i t  i . - r m ’ ;  
~ .Y) , ( P S ) .  We sto w that th e t~~~— }-hase lockznq

strategy (FGLT J a; I the ; r t ~ - - i  r 3 f ( RGRP ) are ’ m: .couhi-er;~ urat e spec ial

cases of t~~- ~~~~ ;e’n. - r d  ci i- sen cml led . and DSR——the latter is

related wrth rh . model of TS .)~) . These two serializability principles

are therefore very ;eccri erm i m i-;-l ;c .il le - )  new s e r i a l i z a t i o n  methods. We

also introduce t he’ -lass 5SF’ of histories that can be serialized without

r e v er s m n s  t h e  order f t en~~ r a l l y  n ; ; - o v e r 2 a ~~~ing t ransac t ions;  i t  i~~ not

knewn whethe r t h i s  c la s s  is • fficiently r.-coqnizable. In Section 5, we

observe that the quite mn t ri -a t e interrelations among these interesting

classes are sirqlmf ied cocci lerably if some “ctat . m: ” rentrictions arc

imposed n the r ea l -  and wyi c-SetS . We point out there that the simple

serializability theory of (5 tfl is due to such a restriction of their model.

For all effic iently recognizable classes of histories studied in

Sections 4 and - there is also an ef f icient RC~W im4?r r ;  an algorithm , that

is wh ich takes any history and transforms it to its closest (according

“I 
_______ 
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to some appropriate metric) history with in the class considered . In

Section 6 we show tha t  th i s  is no a c c i d e n t :  a class of histories has

an e f f i c i e n t  scheduler if and only if  i t  is e f f i c i e n t l y  recognizable ,

plus a r egu l a r i t y  condi t ion , namely t ha t  i t s  set of , -~ ‘:.r.u; is also

e f f i c i e n t l y  recognizable .  av t h i s  resu l t  , the complexi ty  theory developed

in Sections 3 through S is practically re levant , because the practical

question of the  ex istence  of an e f f i c i e n t  scheduler  for  a given class

of h i s to r ies  is exp l i c i t ly linked to  the  complex i ty  proper t ies  of the

c lass .  Another i m p l i c a t i o n  i~t the  negat ive result that , unless Nt ,

t he re  is no e f f i c i e n t  t ’s er ia l i z e r ” of h i s t o r i e s, and hence cons idering

e f f i c i e n t  but  more est r i c t i v e  s c h e d u l e r s — - s u c h  as the  ones discussed

above--is a reasona~-Ae alternative. Finally, Section 7 concludes  our

t reatment of the sublect. ~e d iscuss t h e r e  a number of possible ex ten—

‘etons of our results such as to general (multi—step) transactions and

-IL s tribu ted databases.

___ 1.
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.~. DEFINITIONS-NOTATIOh~

A :f a ~ . -r:~ is a quadruple h — (n ,7T ,V ,S), where n is a positive

integer; T is a F er mu t a t i o r  o~ thy set — {R ,W ,R ,W ,. . .,R ,W - -

n 1 1 2 2 n n

that is , a one- — t o — m e - f u n c tio n  ~T : • (1  ,  r~ — — suct~ t hat
n

Tt ( R~~ } < ~‘ ( W ~ ) for i ~ i,.~, . . . ,n (a permutation I is reprec. ste’d 1- ,-

— l —
~~ -

‘-~T (l), T (.~) , . . . , I ( . c ) ) ; f i n a l l y ,  S is a function cs~-~ irs ; to

.: , where V it; a f~~s~ t i  5 . - ’  o~ : ‘~ r :~~ .r . L a ch jair (b . ,W ) wi 1

-a l  l€s i a t;’~~~i;~~~~ “: T . S (R - 
) will h. cal led the it , of T , and

t 1

S(W .)  i t~~ ~r~~ ?e c t .  W e - - t t ~~l r.i re -t e n t  histories in a ~-ort~ a : t  by

exhib i t  iso I • w i t  the ~;‘~t - S ( . ) Si  Vt -c  i s  hr t~ -~~~- t H 11 owi c i  each

element ot . Y r .xar~ i r , . h i c t u r v  h ( 3 , F’~ , R2 
,W

1 , R 3
,W
2 
,~~~~

{x ,y ,S)  where t ( R
1

) S ( k ~~) {x ) ,  S(l- ,) 0, S(W~) {y}, and

5(W
1

) — S(~~,) ~~~~ is r.croc (-nted an

h —

The set of al l his! r ies i .  l.’rs’t ‘1 hy H.

We can • h~ r~~ of e ach t r  aSS-m t r o t ,  as 5 ’ • flQ w i t h  an in s t ac t aceous

r ead ir o of t he -  val-roc ir h. variables i i  S(R ) , , - r f o r m r s ;  a p o s s i lly

lengthy local oonq stat ~ec ar I then int;tar !aneoscly r e- c rdino the r e su l t s

in a d i f f e r e n t  set S ( W . )  o~ v a r i a b l e s .  We do n.-~ look into the d e t a i l s

of the exact na t-ir. - of the 1 c a l  computa tion .  In f a c t,  we view each

transaction T as a set  ot  t S ( v ~~) u n in t e r p r e t e d  S ( R ~~) — ary func t ion

symbols ~f~~~:i l ,...4S(W )~’. is  the seq’zen:e in which these atomic

read and w r i t e  it~- e r a t  ions take place . Thus , a hi-’:to ry can be viewed as a

spec ial case of a for k-i ’m p a r a l l e l  program schema , i n which the local

I,- -~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 1. The history h _ R
1
Ix 1R 2

W
1
tX, Y 1R 3

(X1W 2 (X ,Y 1W 3 (Y~ 
viewed as a

parallel progra m schema .
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computations involve a n umber ‘f local temporary variables t 1. and are

executed in parallel with other read-write operations (see Figure 1) .

The ~~“~-‘~ t&”ia t f-an of t~~ h i s t o r i e s  i-i 1 
— (n,1,V ,S) , h , — (m ,~ ,V ,T)

is a hi story h • h . — (n+,n ,T ,V ,P), where i- (W . )  S ( W , )  i f  i < n , and
1 2 1 —

P ( W . ) — T (W . ) f o r  i ~‘ n. Similarly, P(R ) — S(R.) if i n , and
1 1 f l  1 1 —

P(R . ) • T ( R  ) for i ~‘ n . Also T(W . ) — ‘ ( W .)  if m < ii , and
i i — n  1 i —

T ( W ) — a1W 1_ 0 )+2n I ’ ;  I n~ (R j )  — — (K 1 ) f~’r i ~. n , (k j )  — (R j_ 5~ +.’n for

~ n. Is o t h e r  ~~rds h !h~ 
as; a ~U x t 1 j K ’ S 1 t  ion - ‘f the t~~ histories , only

with the transactions of !- . renamed . Thu ., if

1 • R
1 

[x ) r : l y J W ~~~y 1 R 3
W

1 
( z ) W

3 1y 1

and

h~ — (x ,y ]~~, t x W 1 
[ y i W ~ I z i

t h e n

h
1

e h 2 — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

We say that •‘~~~ ‘ h r - t - ’ r i e s  h ; — (n , , V ,:) and ~r , ~r , ’,V ,S) mrc

-j ~ :~: ‘~ e ’: ( wr i t !  .- , h
1 

h ) : f ar; on 1- ,- if the - - ‘, r e - ; ;  c m i  m c : schemata are

(st r o n g l y)  e q u i v al e n t  . In ~r t h -  r ~~ rds,  S i Ve l ;  any set nf ~V ! domains for

the v a r iab l e s , any Set of init ial values f s t  the va r i ab l es  from the

cor responding  domains , and , f u r  th ,-rraore ’ , any in te r~ r etat1 -s of the functions

f~~~. the v a l u e~ of the v ar i a b l e - s  are r t e r t i  -ml a f t e r  the execution of both

~-. i st  rries . Notice  ° i at - - : r  del i c l t : o n  - ‘f e- :u iva lence  requires that the two

h is to r i e s  involve the  q mra~’ n e t  of trar ’-a- ~t i .ns. Thus h
1 

— R
1 

( y ) R 2W 2 ( x ) W 1 l x i

is not equivalent  to h 2 — P , t y W , f x ) ,  - les T I t e  the f a c t  tha t t h eir  corresponding

schema ta a r e .~-4u~ v a i . r t  ( ccen i a l ly  becau~ c ‘r2 is _dead in h 1
) .  This  is

a matter  ‘f convenience , m m c i  l i t t l e  change to our der ivat ions  would be

nc-”-ecsary in order to broaden equlva).nce in this sense.

_ _  _ _  --  - — — - -~~ —~~~~~~ - -~~~~~~~~~~~~~~ _ _
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To give a syntactic charac teri~~i t ion  of o ; u iV t ! . ’ ;cc- , it  is necessary

to f i r s t  introduce some t e - r r r ; m ; o 1 - ; - i - ~- . Let h~ (n ,1,V ,S) be a h is tory .

The ::~~; ‘. -‘: : ‘ - ‘rt :~ -‘: of h is  t h e .• h ~ - ‘r h — (ra + , , V , S) , where

• <R , W , - ,R ,W ~r ; t  S( R ) S ( R . )  , S ( W . )  • S( W ) for i <
n+l n+1 — n+2 ~~4; 1 1 1 1 —

an~1 a ’.so S( R  ) S ( W  ~~, ~~~ ) • S ( ~~ ) V. Ii; s t : ; t r words, h
n41 :;~~~. :.+1

i . ;  h preceded t -y a t r , t n s a c t  i ’m; th at rn~ t ializes al l ‘.- *z -x a h i e s  wi thout

se ns ing  any , a- cd f ’ l 1 ~w e- .1 by a tra:;s.tc ’ ton that r ~~~~~~~ t h~ - f i n a l  values of

a l l  the v a r i a~ i eS , wi th~~~t m anqlnq • Sern . Sal;ose- cit x € S(R ) . We

say that 9. ‘c z-~~ x ;“
~~~~

-- ~ :‘: ~: i f i~ is the ]atest occurrence

O~ a WT i ~~~e S’jIJ~~~i b e f Or e  t~ ;ra - ; m  that x € S ~~~~) .  N ~~~ce that

since  h -cor t 1 1  :;s ~ w t  • - . S ~w 
- 

, ) V , such a -~~r r t e ~ ymlK’ 1 a lways

ex~ ’. t n .  ~b~- ~~. - : r n r  o r .  ‘~~ a r : . a -t ion mm h m a as ~ ; • ~~~i

I. - 15 i t ~.e ’ ~~ h .

f r., rma’ - I i’:~ - ; a m i r ; m~
- t o : , , K - c a b  c ,- a r  mI le from W

~) 3 1

h , Uk-I ’  T mm ; a I ; —  1 i v -  i n  h

C .  The o n iy  ~ im; ~1a 
-
~~ I : ‘ -- .- tran’;a- - tt - ns in h arc d e f in e d  by ( a )

m n,i ~b) a - .- -’

T~
,. f ’l i o ~~i;~~ is now a ~~.- - ; n a - ’  ic characterization of history

equiva .c-n ce’. es sentia ll y a r - - ’ ;t i ’ .- m - ’s, r ‘1 U ”  har~~ torization of schema

; - l l v a l vn c e  i n  t er rm s of  }4 ’ - i l ;r  m m . l : m ; e r ;  - - ‘  ~t ions , ~~I’i’)

PROP(~SI T I  ~Y 1. T-~o h i s~~n r i e - s h
1 

(r- , , V ,S) and h
2 

(n , ’ ,~’ .S)

ar- c equivalen~ if ~m rI - rn1 ~ if t h e ”. h a v e  the saa’ae •;e !n  of  l iv e ’  transactions ,

and a livø R re-a-Is x fr- n W~ in h~ i f  and o n l y  ~f ~ reads x

from 11 , in  h ,.
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~-One t h e -  imp l i cat  i O n :  of Pr ‘;~~~~-; i t  ‘.orm 1 is that equivalence of

h i s  t o x  ec can be ~Ie ’c t ted e ic ie i it  1 y . The~~~ ,- t - ; - I li ve - t r tm c i :  t ions can

be f o u: ;  in 0 ( n • ‘.‘ ) mm -ce by t~ i y iso  t i e  r e - c ur  - ;  i v . -  k-fi st t ion ~

above , .in i c a r ,  t h e  : -  ‘m’ i .  j a t  m o m ,  I -r r , a ! ; : - - i c l  i s s .  Hence w e-  h av e :

CI.)ROLLARY . F: ; u ; v . a l e . ’sc. ~-f h ;stor i c - c  ,,~~ i; ~~~ o~ 
,~ ~~~~ Q (r-~ I V )

t l r a t - , 0

Tb o m-~ a in  c r -~ or - ; a~ . r mm ; ‘ - ;~ ‘ i cs ‘‘1 - - , p : -
. 
;~ :

his  r -  h .  (n , I , •’ ,~~~) i s  .~~, m ’ : ’~~ ;f ~~~~ 
~~ 

— r ( }~~~ + I t m  a l l  i — i  ,. ‘ ,...

ml ;  ot : . - - m  ‘ ,~~~e t ; i - m  m - . 1-  : ; e r t , i 1  i f  ~~ i~~i i e d m a f ’ l v  r e - - ’ - ’  1:, in i t
1 1

f r  i • I mc. ‘~ hi  i -  1; is  c ? e IP~~~~ -
- , ; m , - t a t  1 n :  h SR)  i f  and

only ;~~ ‘ .- 1 - a  ‘ t a l  h i  - ‘ o r - . h 55cm ;  m c  ‘t h E  h . In the ne xt
- 5 9

sect 1; :. we- ..hall it- - , :5 a c m .  ‘ , a ic - I ; a r a ct e r i ~~ a t  i - n  0’ ser -xal i zab lc

h is t o r i es  a r / a i r i c u -  - ( m od :- , a - , c - .i oo ) Pro~~ si’ ; -  m .  1.
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3. ThE COMPLEXITY OF sERr~ LI:~uu :l-ri

In order to ex~t Im ’ 1r ;e  r h -  ccim1 l e x i~~-,- of U;~~~~~. ; . t l i z a b i l i t y  problem,

-
~~c ’ need t~~ r - . I  I ; -  ; m ; t  rcc tcc.- ~~ sji.t ;- t~— the ’ret i~ t erm i n o l o ; y .

I)FF~IN IT~~~N j .  ~~ 
- -- .-~~~~

-, ‘ ;‘ — N ,A ,h) ~~ a -h r r i; ~ . (N,A~ t o —

-;ethe ’r k: U; a S t - I  B ‘ - 
- .. ; ; ‘ m u , a ;  I :; - - I  a ;  — — l o ~ necessari ly

is A— —  1 Uo tsmr. ((~‘,u) .~c ,w) ) - . r c t • c t  (w ,v) (A. 0

A l te r rattv ’ Iy, a :.~ ly ;re-h (~~,A ,i’) car hi- v i t - -~u- as •a family P(N ,A , R)

c t  h ;ra ~ bmi . ;~ Ii m r m ; : .  ~~~, 7t ’ )  ;- ;  ir .  ~ ;l ,A ,}’) .1 and - r- .iy ~f A C

and m -- a- - m . a t  :, ~ • a - 
) E B~ ~ 

- - - . t . a : m ; s  a t  I ‘ as  -ne of - a  , , a 2

;- ‘i- .-~~r~~; :m - - ~i 1I be - r I m  m : 5 he :- _ a t ;  a l l y  a , ;  i :  F i~~~~i ’-  2 a .  Ar - - - in A

.i1 1 be’ ii .aw m , a .  - 1  m . m o a r v t I  - .0- , , a~. i  a m  i s  of , ar  s i i .  13 w . 11 be marked

by m - - r c r c l  c a m  - em - . - - - : or. t I a- i t  c ‘rr’ - - ‘mi n- Ic -

i’t-i-’I NI :: ~~~. 7c ;~~~ ly  r :  a ’  ( l ~, A ,B) is . - ‘ i f there is -in

a -  -y• - 1 ic I ; mm ; 1 ; m c 1 , , P ) . o

F--cr o x a — o r l e . e d ; - m r  h - h  of F t . ~; c r e ’  I is i .- ’:. 1 1 .  A . R ) and

a - ?  ii:; m’ r -‘ Il ~~ - . , A , t~ - ‘ ~
‘ r ; ; m e  a 15 i-~~~C.  IC.  N’;t~~re that

f s a :.~
‘
~r’rr aph ,-, , j~) ç~ be ’ -a - - c - I , m t ’  i i - i r ,a ~ -h ~h .A) rmmu5!

ie f ;~ i m t c ’ ] ’ , be ~a r ’. lic.

hmven —a :;y hi ; •r Fm • (n, ’,V ,S) we- a r  e’ - ; o-, r : - m  Ic ’  def i r e  a polygraph

P(h) — ( ‘~ , A , R ) .  N i s  - - - ‘ -I i i .  ti- ansact1 ’n~ ~~ ; . the sugmented version

1 h. FI rs • A - - c ’ a .f l q  ‘ c ’  a t  - m I T  , , v ) : v (  N _
~~~

T
m ; + ~~~~H c  and also the

S

~~ f’ in~~ i R l  On t h i S  ‘ r r ’m- : :  - ;- s~ j ’  F,4 ’ o ,a ;~~ c ’ m~ i,,’a~ already I’.-rom e
notorious I r j !c  i n ; r o ;  r i o t - ,’.
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.a r L -s { ~v , T m y  € N—~ ’~ , )) . m - e c o m c t I y ,  whe n ever m m  c r . r a .  ion u reads
m m ’ .

~iome vax-t ,iF ’lc- x from v I i  I; , we ~t . i t  ‘ he- at - - (v,-i ) in A . Further—

~~,r e , i f  for a third t r ,u~sa~ t ion w , x 1: ; in  t h e -  w !iI.--set of w , then

~~ c -  add the bi ~ at l ( (u,~~) , (~~,v) ) c m - I~. This concludes the construction

~ f P(h’.

I~~t~~it iv. iv , P(h) ca~~t : r - - -~~a H art i d  r-~t ~t - t c~- i n , t e r ~ -r e t t r d

as  “nap: e- m ~~ -t I - c - f o r e - ” , a n t  w i t h  w:;ich tm;y : . i u t o m y  U . t e ; 5, ~ 
,umv alent to tm

rn - oc t be- conslStc’n ;t . Each i i  (v , u )  ~~~az m s Uat u r ead - ot ’ variable

U ‘rr v a : . . I  b- -~c’t- : - r - c - t t L I -v t t .  A~~- - ’, a 1 - i; all . ( ; , w )  • 
;. v , v ) )  n -c an s  that

w r i t e - , o~~ ~ tam e v a r ;  : ~‘, ~~~~ I IcC: . e- aIi m -  ‘t t~~ i be-t ‘ ‘-s v and U ;

t’ nu ct e ~t mmc m pr ec ed e  v c m  f~ I - w . ‘rh~ s ~s - . ~ ‘ c - i  o r  a 1e~~~~

L~..MMA 1. :‘ .~~ - bcm — t .,rie;- ..

~~ 

— (r., ,’.’ ,I.) .inI Ii — (n, r ’, , S, are

e - ;uivalent ~f and - -c r l y  ~f 
~~

‘‘ i 
) - a : .  I P h )  are t ’ - m c t  ~~ a .

- :  - i4~~r : -  Lr .- - t  c -:;- foU- -w U -mc :~~ H~~~c t  i - i -  1 .e,l the def initi on

of P(hm . 0

LEM.MA 2. A In - . - m - - h (s , — , V , S) -.~~ t Iao ’r~ d c c - :  t ransact loris i s  se - r i a l  1—

e- i~ cm n I  oicl- . If Nh) I., a vc  t i c -

- - f  . I! F; i s  sc -r  m a I - -u l  1 - -  • co ‘ - C x l  s t r -  a s o n -  ial I; cm —to ry h
- S

such tha h E h  - ‘ , I ’ :  I -err -. -. 1, r~ h) — P (h ) .  However 1’ (ii ) —  (N ,A ,B)- S

i~~ a cy - c l i c. T’- ‘me. ’ U ; - - , let ~T1
,. ..,r ) be ordered a -or Imnq to their

- - ir a ” :; ‘- m c  h .  i~e - t z - c -  --c d igrap h (N , A ’ )  € ~‘(~ (h g)) a’- follows :

A ’ -cot a ins t he  -a n- c -
~ in A , an -  I f- ‘r each - cm a lb ( (T , T ) , (T - , T )) in- a 1 k

B w e ’ ii~~ ‘ o A ‘ a n -  1 ,T ) c ’ m c i ,  (T .,T ) ml j <k. ri-
1 ) k

~~~~~~~~~~~~~~~~~~~~~~~~ --  . - -  - - . ----
~~~~~~~~
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show that exact L v  - ‘ I r e -  o f Faa - s . ,  must occur , recall that lam h T nt- ads

a var j~~~le x € S ( W . )  from T~~, ari d h ence -  < , .in i not ~ c i

i

Consequently t I c. - .a leo v ,’ -o n s t  r;~ -t ion yi e l d - a Ioia. h- Ic (N ,A ’ ) crc

V (P ,A , B) . Next , c m  m c . -  tha t (N,A’ ) is acyol ic since ’  i t  is a subqraph

cf t I ~ ,- tota l -~ -h- r IT ,T . .. .,T ,T ) .  So, ‘( h)  is  also . i c y c i I c.n + l  I im n +2

Now , I~~t (N,A ’) a-  an ic y - i ic d l q x . h - F c  ~~ V ( P ( h )  ) . The scr m. a l

history F; r - - - ;  I i n t o  f r ~~’rn t ’ ~~~- l o - ~~c c a l l y  sortinq (N.A) is th e ’s e’ -~ u i —

v -al e ’ m - t o  Fm -TI - c m ;  l c d  I ‘w: - f t  - nc p ~- -~ cc~~, / 1  ic mc 1 ~ n ;d f n - c c m—c t h e -  fact ml

since one ‘1 I Ice - t~~ ar;~,; -‘1 •- , a I .  h i m  at ) ;  n m  13 3; ; in A’ , a ll trcimc:. ,i (-t i ccrms

mm ; h r i  I all . c m  i - a l  I , - : ;  I i o i c  I Fm ,- : ,aamae ‘ r a m :; . - , ion i t ;  h as t h ey  to in
S

h .  0
S

I r f o r  t n x m c m t ” l y ,  ‘ cc ’ - - cm-mi toot - - r ; a l  lua r a t e -n 1 ; r . i t  c o n  - f m ; t - r m . a l  ri-j r o—

t’ic m b m 1 t t - ~- a-chow-n 1:;  Letavraa . ic ’i-’; - I  d t r - e - t l y suo~~e - c t  an c ’ffm- ci ent te st .

In fact , n- l ; e ’c r ’-~c b(’ I - -w i . - l n - - : ; ~~ c - v  m ; ’ - r ( - e tha t mu . ’ such test exists.

ThEOREM 1. T s r  m g  wh.- ’ h e - r  a h m s t c ’ r - .- h as serializat-le is NP-

• even I t  Fm has no dead transactions .

In carder to j ’roceed v i ’  ~; l ; c - ’, ’ i c ’ ’  f 01 Theor em 1 we f m rst :~~- e - i a :  .1

It m u  w.’l 1 krm -wm-; f M-il ’) , fV-a ) tha t t h c ’ ..i ’. j r - f m .-ai -c I m t.y 1-r - c i ’l  can

of Boolean f - n u l . a . i n  - or; ruj ’act lye norma l f or — ic with t~~~~~~’ or three l m t e r a l s

in each clause ( a ) - ) - r c - v i m t e - t  :AT) is Ni’- - -onp iet .- . We can sh~~ tha t a u~~re

restricted version of  ¶ i t j ’  r o t -l ean is still NP- -ccnj lete . Call a clause

I i f  i -~‘‘m ; ’ .i ’a f l 9  l x ’t h  v a r i - a t - - l e - s  and ncgatmonn -f variables , and call a

for~ u la  ‘ic ’ r’u .~ ;“ if at ~~~st one of the occurre nces of each variab le  is

in -a mixed - - I - a u - c e .



—i I—

L~~~~ A 3. SAT is  NP—c omplet e even i f  the formulae are restricted

to be ic orac ircu lar .

Proo f. ~s- ’r c- c - t . - r  .mn v m r :;t an e F -,f SAT and a va r iable  x in i t :

:A ’t m be tb ’ n umber of occu i re - : cce ’, ;  - - I  x in the 1- ct-nu b F , and let

x ,x  , .  . . ,x  be new va r i a b l e s .  We r e p l a c e- x in It;. fir s t occurrence
1 2  m

by x , crc i t  - c/c ~c ’s)  j c ’, x • Ira i t ; ,  t ? c ; r  by x
3
, ‘-t~~. Finally, we add

?. e clauses tx
1 
V x ,) c’ (x

1 ~ x~~) .~ (x  v x
3
) A Ix , v x )  A . . ,  which is the

- ‘n t u :cc iv.’ n- -r n,. l f -m :’ ~t x 1 - x x . . . F1 e at ;m, ~ t h i n ,  for al l

v- - c c  - ‘ - m - . - t O a t  ‘- h e ’ m . -- ~u l t  c r - n  c c r n m u l a  i: Ii i vi - all y noncircular ,

.and hi- - -~ r c st m u t  ~~~~~ -- pc i t . - - - only t~~1ynomial azaw-cunt f t m m-ac . 0

ir - ~~’f -~~ TIa - - m ’ -~ 1. TI ot -
~~~ histories is definitely in NP,

s a n -e to show tm cat - - .5 SI- , ~:ce ~c ; m i v : .’ - , I m- I :  - .- o r ; s t m : c c -t  a serial history

F . (c- f l a - n o t ’  m n - ’ t m - c - a t o m ‘ ha ;;  ‘?, . t ~l F m ) ,  and - d c -c~~ by Proposition I. that

h cm:c.l 1; a ’  e e’-~~;i v.a len t

We w c  1 b m .-xt show h a t  a ~ r- ’w1, ‘
~~ 

— o- rq ; l et e -  problem , the noncircu lar

- AT r’-coie -rmm of l. c’m-um.a 3 ,at-e~~ve- , r.’-tu’ - c’5 • -: 1-~—test m r ;-m I n  ce I ynomial t ime .

live n arm y -; :h f- -rrril ,a F , we - a z . -  go i ng t o  construct  -a polygraph

(N , A , 13) - . c - sl ;  ~ n a t  
~F 

~ S ..cy clic if -mn - i only if F is satisfiable.

~~
.- w i l l  then - h, ’w tb -at 

~ !. a : . F,.’ -°:~s icterect as P(h) for a suitable

has t r v n , w i t  hou t ~l e id  . n - .~~ - t h - n - . : n-a ‘.‘ 1,-v c c i  Lt-mna4a 2 . t h i s  w i l l

-nc lead.- t h e  ;- m -

We ct - a rt I torn I Ice -  ‘ m a -  n - / i c - t ion c c l  — ~N ,A - B) . F has rn clauses

C~ . .. .,~~ and 1n~ c-elve s n P.’c’clean vari ables * 1 . . . . , x .  Each clau se C
1

‘~~~~~ I a - - of I ta r . . . .  liter al s ‘ v v 
~~ , where ‘ I c e i t h e r  a var iable

r ~ neg- ~ scan I~~~~~. n ath~ t)ae nod, q~~~~~, b 1 
c~ fa r each variable
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and 
~ik’ 

Zik. k—  l,..,m 1 for e ah  clause C
1 

with m
1 

literal s . For

each variable x~ we add the arc (a 1,b 1
) t o  A , and t h e  icipath ((b1.~ ~) .

(c
1
,a

1
)) to B. For each cl .aumc e C . • we add t h e  ,art -,

(addition mod m~) to A. Finally , If ‘ 1k • x~ we- add the arcs (c
j .v j k ~

and (b
i

e zik) to A , and the t’ipath ( (z Ik. \’ j k
) .(v j k .b

F
) )  to B .  ~ 

~
‘ Ik —

then we add the arc- s (z jk,cj
) and (v jk.a l

) t o  A , and t h -  b ip ath ((a
l
.zik ).

(z 
k ’~ 

•k
~ 

to B. For exam~ le , i t * I. - Ii - era l 
~ ik 

is x , I 1k- - utc~ c c l , —

; r t ~ h ~-t Fi gure- -.‘.- cll a~ -j c a n  I : ,  Pr,.

Finall y , v. a51 d to N ti - a - node-c. rc ~~, n and n
1 , m - ~s- t he r with the

arcs and (n.n 1
) I. r all n€ b-~ n~1.n0.

rn . }. and also t i c u  - a r c

(n , n ) ,  Th i s  c o n c l u d e s  t he  c ’ ’ n s t r m r , t t on  ol P - - I n  F 1- ,-mi r e 4a we l l l ’ s t r a t ec f  F

the construc t ion c r  the Fm. - l i - -an  I c ’ r m n c c l s

F — (x , v x ,) - ~ I X , V X , V X ~~~ ) - (x V x
1

) .

For simplicity, in  F i -~u r ”  4 we hove-  onct t eI the nodes n
0 

and n
f
.

We w i l l  :m~ cw ~a r c i u c ’  t h a t  P~ is ,acvclic if  and on ly  i f  F’ a s  satis-

f i a b l e .  :: m : - t . - - o -  that  P~. is acycl i - . Tb j :  ~~ ans ‘hal .  t h e r e -  i i  an acyclic-

dig raph (N ,A • ) E V(r ’ F ) 
- - ;b v ; ’:a’; l y ,  f - - n ‘-c i . h j , ex a c t l y  one of the e ’r ~Q C u

(b - ,c - ) and Cc 4 ,ca ) is in A - . Think c -  a • tI;,. ’ ( c  - , •a ) € A ’
~ ) i i

means th,a r x is , a s n i - m , ’c I  t c , - value ~m’s- . We may ii~~ed ia tely note that

if a literal ‘
j k  is ‘i iv . ’n  the V 5 i U e ’  “c~ .’. by this assignment , the

corresponding arc (z
j k e y .

k
) is also in A’ , sin -a - c - otherwise, a cycle of

the form (-: ,y , b )——or (z • c - ,a .) if A , x .——would exist in (N ,A ’) .) ik  1 ik j ik 3

Hence, the only way for (N A’) not to have a cycle of the form

(z~ 1 ,y.1
,z12 y~~~) is tha’ at least c n -  litera l in each clause is

assigned the value ~rr.,’, which means that F is satisfiable.

k -

.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ---~~~- .“-- - -~~~~~~~~~~~~~~~~~~~
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Conve rsely , suppose th,at F in ;;cm!icfied by :- -o rmma ’ t r ; l t I c  assignment

T. We will construct an acyclic -ligraph (N,A ’ )  E V ( P ) .  A’ contains

dli of A and the arcs (c • a ) if T (x ) — fp ~ , , ( F - - ,c ) if
1 3 3 )

• .‘~ :ae , and the arcs (z
ik ey

k
) if T(A ik ) — ~~~~~~~~~~~~~~~ (Y ik e b

~~ 
if

~~. —~~~ and T (x .) - “:.•‘ , and (a ,z ) i f  A . • x  and T ( x  ) — ‘aiae .
ik ) 3 ) ik ~k ~ 3

Obviously, (N,A ’) i-c in V(PF.); the cla:r is t i c - a t it is acyclic . We

first m; ‘to th it s i n m c u  F ~~ ; - by hy~ e.’tF. e ’s i s  nonccr .- ular  , (N,A) is acyclic.

T h i c .  toc bu-na~c -e by the - -n ;: ; ’. ru-ct ion, of A , the clauses - cn t a ining

va r c o i l ’ ’:; o:; I. or n e ac it io n s  — c n l ~ ~;j .  c:;d to nod e n - c t ; -  w i th  only  i n —

- omanq cr , re • - 1 cv e - l v , ‘51 / c ) ’ Si t c l ( ’ i n O  a r - - n ;  node - ‘ - I  . c ürrt sponding to

r i xe’J c i , l’Scse - n ;  h a v e ’  both m n5 :‘.c ~
;- a :) I -:;t 0 -- c m ; Q ar:~~, n t  nc. t~~ such node

set s  ar . - r e a-c h o bi ’-  I ton . ‘ac: . - t h o r  ; m c (N , A )  , by F’ s :onacircularity ; ~t

f.’llows that ,N, A ) is ;m ;c~e - ’ - - a -ycl ic . :t is easy t c ’  check that the arcs

in  A ’ - A c a m  harm ‘h e ’ daqr.aj-h c acycliccty only by i n t rod u c i ng  a

:-y c - l e ;  :~~~v,- ’- .- m - 
* Ibm;; ~~ uld mean that some clause has

n- ‘n (under T) li t e r a l , and non - e’ T does ; - t  satisfy F, a contra—

- I c  - - lot ;  . I: ;  F c q u re  4 we ; , ; :  -a.-~~~ r I r- 3- e n ; I mcc c ar- -s of an acyci ic

dc qrciph :5 C P
F
) ; t b ; ’ ;  I n - i r a n - b  - - m r c n l - e m !~ to t h e  t ru th  - a n s i q c ~ment

T ( x
1

) — ‘ ‘ n ’ - , T ( x ~~) ‘~~~~I O , T ( x
3

) “ n ’.’- w h i c h  s a t  ;s f ~~ ’’; F.

in r-ier  - orio l ude tI:” a (~ - f we ~ ee- ci to ‘or -st r u ct  a history h

s- n - -’h ‘ ; c a t  P(h)
~~~

P
~~
. All nodes 

~~~ ~F 
. - c - rrc ’s~ e>;ad I - - - i i ’ ; t j n c t  transactions.

To construct the read and write SttR of t I e tran saction s (except for

and fl~~). we st a r t  by having all read sets emrtv , and a variable x

in the w r i t e  set ol each t r a n s a c t i o n  v .  For each arc (v , u)  € A we add a

va r i ab l e  x to th e w r i t e  s - - t  of v and the  r ead set of ii , .‘znd for each

b i p a t h  ( ( v , u ) , ( u .w ) ) € 8 we 5-a dd x to t he w r i t e  set of ci. Finally,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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R(n ) - 0, W ( n
0

) - (x ;v€ N ( {x : (u ,v)E,’c: • R ( n
1

) ,  R ( n ) — i x  :uEN} ,

l..’(n ) — 0, W ( n  ) — I x : (u ,v~~ A i . In .cr ,~o, to -,k e ’ t ; i c  t h e  c o n s tr u c t i on  off c. UV

Fm , we repre-s c-nt the read and write operations corresponding to the node

v of by R(v ) , W ( v )  respec tl v t-Iv. i~e use v t~ s t and  fo r  R ( v ) W ( v )

—.e start the construction ot Fm tn.-n le!t to right . First , [or each clause

consisting ot just negat i.’n o- vu add t h e  s u l c h c i c . t c  ry hi,C
1) 

— v~~~. -

Next , for each variable x
1 

that •i~hs,’ars unnegated In the mixed clause

a ’ (1~~ 1~~~R 
5 , ) ccc add the c ’ cc h tc i- , t c c r ’, h(x~ ) — R ( a

J
)z

l
c W (a

j~
R(b

j
)Y tkW(b

j
)

ht’ z , part . a ; - ; - .- -a n- c. ona l v it C~ i c. p u N - i ’ .- h e -g.m ed and ‘ — - Fur ther ,

~ ‘pq 
— t , .r sense ~- ;c tt ’lv unna-g. - a t t - cl cla use c then appears also

a I t er v . Then j  ~~~ - “~ c1 ;, is - r It ’ ,- c o n  rt’ c.~’ond I ng to he remaining

-
‘ ar iahles . It x . , i . ’uc.  not . m : h - e ’ ; a r  c~n n;t’gated in a nixed clause , then we

add t o  h t i c . -  sami-hi .’;t~ ’r- - h ( x
1 

) — R ( . a . )~~~~~~~
c - 

1 W (a 1 
)R(b

1 
)v .R W ( b

l 
) . Again ,

a ; ’ ’, -e ’ c a r - c  o i a l v  4 1  -
~~~~ x 1 

t o t  -o-m nac ’ ~- ‘cn&-l v unnegatc5~ ci~ause C~~, and i f

x also .aj ’ ;- t- ars in ,a purel~- nu  ~- att d  C 1 , I I O - C-  C ( - — x ) then z comes
I p Ph pq

a fter i~~~~. F i n . l l v , cc -  hi’.’.- h(C
1
) — .‘ . . . ;  t o r  each purely negated

clause C - and ;, the ‘ - r n - i  h -  t r ans,a~ t ion n -
I C

To ear~~ue - t h a t P~ — r ( F m )  • I I rst not . - t h a t  al l (v , ) (mod na
1 ~

-arc s Sara ’ r eal i?t- ,~ by Fm , and that t he  suh po lvgraph of FIg ure 3 is realized

tot each x
1 

— ‘1k’ and the’ sy~~aac t r i c  sub po lvgra ph b r  
~~ 

lR~
Furthermore , it is quite easy to check tha t  no other ar c -c and bipath s  are

~add ed by t he  ‘. ‘n struct ion . Hence — P(h), which completes the proof of

~heorem I - o

_ _ _ _ _ _  — -  

_ _ _ _ _ _ _ _
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4. EFFICIENTL Y RECOGNIZABLE :A;n~:r- , OF SERIAL I ZABLE HI STORIES

Given that SR is NP—complete , it is reasonable to look for subsets of

SR that are efficiently recognizable. In this section we study several

such classes of  serializable histories.

4.1 The Class DSR

DEFINITION 3. Let h
1 

(n,” ,V ,S) and h~~ (n, t ’,V ,S) be histories.

We write that  h 1 
“j’ h~ vIce -nc-v ~ “( : ‘) — 

~ 
‘ ( - -  ) fi r - all ç’ € :-: except f c - r

t~~ cleri c-ant :; ~ ,C ., € ~: with ~~ ( ‘  ) — ‘(0 ) — 1 , ~~~ ) — rr ’ ( r  ) — j+l for
I 1 2 .~ £

some 1<~~ < n-l, .anad either

a . • R ., ~~, — R for some i , j  < n , or

b. ~~ •t~ , C W , c~~~j, i , ~~~n , and S ( R ) f~S (W )Ø , or
1 i 2 - — i

1 — ~~ , -~~ — W , i , n , .and S (W ) fl S 1W ) — 0. 0
1 i 2 j  — 1 3

As an ~l1ustration , have t1 -.at

R
1~

x jR 2 (x ) W
1 
(x 1W ~~[y~ ‘s.’ R~ (xlR 2 ( x ) W ,Iy]W 1 1x 1 ~c.

R 2 I x J R
1

t x ) W , ( y ) W
1

1y )  ‘~~ R ( x 1W 2 t y J R 1 t~~~~1 1x1 ‘ 

a

because at each ;;tel- the  m c e x t  h i s t o r y  is obtained from the prev ious one by

qwjt- -h a nq t~~ ad jacent symbols obeying one of the conditions (a), (b) and

Cc) of Definit con ‘
~ - -a bove -

The following is a di ro-: i con 5 4.cluence of F’rnpccs it ion 1 arid the above

defini tion :

rp’~Pfl;ITION 3. I f  h
1

” - h ~~, then Fm
1 ~

h
2 

. 0

-l 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Let -~ be the r e f l e xiv e - t rar -a s i t i v e  c losure  of  — . S~ nmce - is

syiuietric , — is an equivalence relat ion which is , by Proposition 3, a

restrictton of ~~~. We can show th.it is a ruj t’r restr~~ t ion of

by observ ing that for the two hi’;torcc;;

—

and

F m . , —

we have

Fm 1 
h~~~,

but

~ h

~~~~ say t s.i ’ c h . -  b c - ;~ - n  - i s  — . ‘. ~“ z ~~~ e- P~~~) ~f ‘he-re is a serial

h ; -° r - -  hs 
;- - i - l- - t t - t t h ~~. )b’.’i ly, if a hi- -;’- - r y is DSR , it is

- - “rt an nly SR.

We :-c r ;sscc- - i i t .-’ w i t h  -a ‘c i t y ’,- h~ (n , , V ,S) a diqraph D(h)

def ined as ~ c h owe : Tine nodes -- f D(h) -a r c’ ~ I-e transactions ~T ,..1 n

-f Fm , a r - I  the p a ir  (T ,T )  ;s ar. - a n  - - f  0 (h )  i f  and or c h y if e i the r

a.  5CR ) f l S i w  ) t~ ar c- ! ‘HR .) < ( W ) ,  or1 1 1 -1

b.  S (W . )  f l S ( R  ) .~ and 1W ) < ( R ) ,  or
1 j  i 3

c. S(W ) ()S(W ) a~ 0 ,c~:j ~ cW )I lIt —

U29~A 4 Suppose tha t f c r  - - .~ h i - ;to rm ~~c Fm 1 — ( n , i t , V ,S ) a t-ad

h 2 ( n .~~’ , V ,~~) 0(h
1
) and ~- (h ) have no cy c l e s  — f length ‘. Then

Fm
1 

h
2 ~f arid only if P ( h

1
) • D (h~~).

~~~~~~~ 

~~
---_ _ _

_________
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Proof. It should be obvious from the definition &cf D(h) and the

- r e l a t i o n ;  that vic e-ne ver h
1 

- Fm
2
, also 0(h

1
) —D (h

2
). Consequently,

h
1 ~ h

2 
impl ies  0 (h

1
) — D ( h ) .

i~or the c! 1 c c - c  ii rc ’ct  ion , asswi* that 0 ( h
1

) — D ( h , ) . We shall

t ransform h , to. h
1 

by a s- ’-ru .-n,ce of — transformations as follows :

Take the symbo l Ira .‘T t t~tat L S  the first symbol in  Fm
1 

(i.e., ~T
1 ( J ) )

arc,! i~rin q it to tic.’ first ~- 1a - e ~t ic h’, S ii ,  d t 5 5 ( ’.’ t ’ l ’, :0cc it c h I n g it w ith all

symbols t -re-c, -dirc c t c i  n r c  h ; hen a k e - (2) ~t n i ~ br inq it to the

second p~ s1tion by :.,- r t - h a r n q  t i c  w i t h  a l l  symbols 1- r t ’ - e d i r ’  n t , e X c C t t

and so i n . , InnI ii 11 2 i S  transforme d t , c hr It  rem~ jns to show

tha t a l l  t ?; .-nc - swi t oh i flc~s c a v e ’  been 1’~ c~ al  — t r an s f o rm a t ions.  Suppose

that at sotaw’ t t r i t - w e -  h a- ! t i  switch wi t h ° in a manner n - - I

a l l owed b y :- .- f i r n c ’  i - c r .  3 ;  ‘ n a ’ cc either

ci .  C’ • R , • W . : tl is means , however, t h a t  c r  Fm , W . precedes
1 i .- 1 1 1

and herce h
1 

cc nc o.t a hi- ;t - -rv .

- - — W  -a: - ,~ S ( R ) f l S(W) 0 ,11. T h is  would mean1 i 2 j  1

however, tt n l t  CT , T . ) c c  in D ( h  ) a r i  (T ,T ) i s  i n 0th ) . m O e ’
i ~ 2 3 1  1

0(h
1
) arid U (h , I have no - -y - I u r n  of l” n - ;t  h ‘ we can ‘c ’ f l c  1 rick’ that

0(h
1
) 0 0(h

2
).

c. ~; c r n n 1 a r l y  for’ - -w , -~~ — w  arid S(W.) flS (W ) ~ 0. 0
1 i 2 1 3

W~ can now prove t h e  fo l l o w i n g  Theorem .

ThEOREM 2. A h i s to ry  Fm • ( n,~~,V , S) is DSR if and only if 0 ( h )

j~ s cy c l i c .

Proo f. Suppose that 0(h) cc acyclic. We can thus sort

topoloqically the set (T
1 

T I  of nodes of 0 ( h ) .  Think o.f this

~1

- -



-—- -
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order as a serial I c l s t c i r n ’  Fm 5
. It is iamnectiate h a t  D(h ) — 0(h), aid

hence , icy Lesmia 4 , Fm 
S 
h
s
. It :- -llows t tott Ic i : ;  DSR.

For the other — Icrect ion, assume that Fm is rcsF~. We have tc.’c’ cases

a. 0 (h) has -a cycle (‘I ,T ,Ti ) - - 1  1.’:n-rth 1. This  means that

< r~ w )  ‘- ‘ ( W ) , and S~~~~~~~~ ) f l S . )  — ,1’ , S W 1
)fl (S~ )US (R j )) ~ 0. It is

easy to show that in  a l l  h i s to rie -s  h ’  W I n i  I ,  — F m ’  we w i l l  also

have r~ CR. I ‘ ‘ (W ) ‘ ‘ ‘ 1W ) , ~~~~ - -~ ~e’r~.’I~ e Fm 4 ii ’ , _~-nd Fm 3-’ ‘ by
1 3 i -

Pro-’o.sjt icc,: 4 . Hence there i r n  in. - s e r i a l  h c s t e r v  Ia
~ 

-, c cc h  t h a t Fm 
~

j ‘nt ra- ! a t [o a t .

h. ~ (h) has rio cyc- c-: - of .en-:th 2. s’,- Le~~~a 4 , tn~-r - e is a •,crial

?nistorv h . su oli  ‘~~~r : 3( h )  — ~~(h~~) . ~3 - ’ w- - - v e r ,  sc -m d h i : , t c - m n e n

have ,~~~
- - ,‘ -  c ti ( i i ) , ~:,- I  t c e n n c e  D~~~) inc  a- -y cl m c - - C

Theorem 2 ~u~~- :e - - - ’ -~ 
- -  a ’ h ;  ; ; ‘  tha ire DSR can be detected

e f f i  - cen ’ t-~’ oh .- - k ; n  0 ( h )  t o n a

:~ P :~A~ Y 1. ~~h c - - k n r iq w ’;e ’ ’ ;, e ’ r -a h i - -h  t . ,~ h —  (r,,~ T ,V ,S)  ~ ~~~
- ‘

~-~ can

t ’i’ ~ione’ in OC V~ n
’) c~’.e’ • 

0

Also , we - c i : .  r et T hr a se  Th--  — r c- r r  2 a - - follow s (compare with

N’ftnition 4 below) :

COROLLARY 2. 7 hm c ’ rv h Cr , , ’:,S) Is DSR if and only if we can

f a rid c’a I rn~ nm ]— ’ i c  5 ,..., S I ‘n -
~ -h t h-a ’

I n

a. I f  S ( W  f l S ( R  ) 0 -~ arid - (W ) < ‘t (R ) then S . < S -1 1 1 j

h.  I f  S ( R  ) f l S ’.~ ) — . - irn i (R )~~~~~~ t W  ) t h e :  S , < S
t ) 1 1 )

c. If S ( W  ) ( ‘ I S (W ) - ~ and w ) <i (W ) then :- . < S - a
1 1 3 1 j

_ _ _ _ _ _ _  
_ _ _ _  ~~ - -~~~~~~- - -~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~-~~~~~ - - - -
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4 . 2  The Cla ss ~

cF~I-’ I N l T I( 1~ 4. A history Fm (n , ’,V ,S) i s in cc if t h e r e -  ex i s t

non— : - .-j ’ - n , di M t 1 . - h  real r .ni~nI - - r s h
1 
, S , - . . , S with I io- f o i l - v  i r. c~

c - r - - ; - ~ - n  t n c - : :

- a .  i ( H  ) < S . - -
m 1 1,

I .  I’ S(R . ) fl S ( W  ) 0 ~~ , 1 0 and ¶T (R ) - ~1(W ) t h e - i ;  S ~ Sm i 1 1

e. If S(W ) fl ~ c W  ) i ,~ a : -! (W ) ‘
~ 

— (W ) i; e -: - S S - 0
1 3 1 3

The re-a l ;cr c mr — ..i , - r- - S , - - . ,S in :‘‘i i n c h  i c :; 3 c m ’  c - a l le -c.1 8.~r:: .-: : i —

- - : ,‘:~~~ ‘, ~~
- 

~~:‘: ‘;:. Theii mnt- : 1  iv., nw ’aninq cc  tI t h  t h e ’  hist- -ry Fm 1: t~ ce-

-oa m~~- a - ;  t h u  ;I-c r a - . - - , a  ‘ i n  T 1 
h.a i ‘ -x  -t. -d m ra dc visi b ly at the t ime

1r0:t amo e’ S
1 

h o .  i ; . ,  i v  (a~ a h . : v , -  • : 1  war - - i l l ’ .’- )  • transacti on

T 2 at S 2 , a r c - h  so on .  ~ m ; a n  i l l c c ’ m c ’ ; , t h e ’ history

h —

m c  in  the  c l - a ~~ . • S d f l C e ’  ‘ - - va l ie’ - S. — ~~.‘-‘ . S, — 2 .5 ,  and S
3
• 4.5

‘oa t it;fy, as he - r ’ a - b  m - --a r .  - c eok , cc-  r ’-  ~u ; r  -r ~’ - : - t ~ of the de finit ion .

Tiie ’ ‘1 ass • was mndepende:.’ ly lntrodu. c-ni !- ,
- IWo l

T1~F -Pi-:M ~~. I~ h; is  in - , !h’ n h is )n- F4 .

Proof. : c )ndmhc. -r5 (b) and (c) if th~~
- d e f i ni t i o n  n-I the c lass ~

ni bov.’ are j d ”n t  i c a l  to ( F m )  a d  Cc) of Corollary 2 to  Theorem 2.  Hence

i t  suffi:r c to ‘chow that - on txt c- i m ; (a) above i m p i m e c  condition (a) of

Corollary 2. Fc c ’ t his is I tawne d iate , t- v o a n a c r ’  i f  D (W .) < ~ (R ) we have

that S < ‘T(W ) ‘ “ ( u  ) < S  - , ~co. o.at ¶ ‘-r what S(R ) and S(W ) are . 0
i i 1 3 j

I-. 

-

______________________________________________ ______________  
~~~—- -~~~~~~~~~~~ -—~~~-—--~~~~ —- - - - ~~~~~~~~-~~~~~~--



I

;1’.’erc a history h (n,~~,’2,S) we -:‘ a n c  c - n s t m . -  t - t I ; o t l c e r  ~~~~~ h

0’ (hI——a supeicim.:ra~ I ; c f  D (h )-—witi; noda set again i
l

l • ‘ . ,T )  and

( T , T )  an arc i f  and o n l y  i t c i~ ;e’ ot the f - l l o w i n q  holds

a. “ ( W ~~ <

b. •(R .) ‘- c W  ) .in I Sii-, ) flS(w ) ~3 1.

c ( W)< ” a~’ ) arid S (W)flS(~~~) 0 0.

I n  ~ther word ; 
~~ (Fm ) - -n rnt , ai :s all tse an- cs of 17(h) nmn n -d esibly so~~

-thne r arcs for t h c c ’  -cisc - :-, in which 1~~c S ~~~) - (R
i
) an! S(P ) flS(W

1
) . 0.

THEOREM - . The- histoiy ~ C r . , , ’.’ , S) n s  in ‘ ccc-  - : i a S S  -
~~ if  and

o n ly  i f  17 ’ ( h t  i s  .t - :-

~~~~~~~ O~~~~~
-. - ;e ~~. ar  h E  ,~~ , a : - !  . , -r S S ic .  .a~ -~ r c !rlate

.rcin. r~~. W i ’~ - o .  I c ’ c  1 -, - a .  n t .  ; S S - We shall show that- 1

:- ‘;vv•r  3T , . )  1 - ;  n m  - ‘ (i), ~i ;e- n i ’  
~~ . 

t’-u j-n ~~ce ‘hat i ‘ );  by the

- - rn  of :3 • ft ‘ : - - ‘ ¶ i c ’  - I l w ’ . m ; ho I - h r

a .  --w ) ‘ i ( R ~~~. t4- ’w--ve ’ r , S ~~~ ; - ~ 
) (t~ ) < 5 , which contradicts h1 3 1 3

- 0 i~~~1 -~ ’~ 
• i cC’ . • ‘ - o .  S. S — • - “ S and i I -

- n

— W ) —
~~~~ 

) a’:! Sti ’~ ) flS (W ) 0 ,. Hy (c) -f Definition -~~ ,
- ) 1 3

hc-we’vi’r , S < S~~, ag a in  a o . i r n t n c  t i c t i o n .

- (k ) — ( W  ) i-- h S ( R ) f l s w  ) 0 ,‘. ::imui.a r ly, a contradi.tion

n rc r~~ ied tv,- (I-) I 1 7 i ’ f : n i t m o n  4.

- -n5’lur:. ly, (Fm) n~~ a - 7 - i a ;  , since it cc a subqraph oct a total order.

ror the - h.’r - hi r e - -h con , ‘c;~ r~~c~,c’ t 1 ; 1 ’  0’ (Fm) is , a c y ; - l i — - . We can

sort t ;’..- I c c q a c a l l y  1 S n . c i r - ’-- t o  -i ~ ~in the -~rfrr , ~~~~~~~~ 
(T

1
,T

2
, , • • •T )

We -a:: 4~ fine ~he real n umbers S ,S~ , and S (for convenience )1 .  in n+l

t i  

_ _  

_____ _ _ _ _  

_ _ _

-a - ; f~’l 1 ,w~~:

_ _ _  
~~~ _
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a. S — . i r a • l
n+ I

— m c n c ~~n- , 1 ( i’. ) } — - - - - -  

, ~~.n c  n—l ,...,1
3 3 + 1  3

I t  i s  c l e ’ci r ‘~~at  h i c ~ 5 ’ s an~ - -h csh m d  • i i o i e , l S i r ; - l ,  rc-r ,— mrc t e-;c r

rt’a 1 :;;L.ral -c i  , a: h a t  hey - a ’ - h (b ) ,anci (c ) - - I t e  f m m c c  t ion . . I t

rc u f f i ,- - . t l n n i n -  t o  3 - r o v e -  c a )  ot 1 . - I  m r n t  _ c c f l  -, , i n n  !- . ar t i c u l a n  t hat - S ~t ( R )

f ’r a l .  i - 5ui~~~o c e - ‘.bat , for ‘ - -  - mrs m , S ‘1CR ) - L e t  3 1 k . -  t h e

sma l l e s t  i ndex ,  no s~~~I 1e r r -  a : .  i , h r  which (W ) - S. .j + 1

S~ — ‘(W “ — ~~~~~~ 
~~~~~~ 

—

i + 1

omnseque n ly  ~ 
— ) — I , - m  — C R )  ‘r (W ) - th ern. o 4T ,T ) € A ,

w h ; i  h . - -~,~~r a h i  ‘ - c  t i r e -  f a  ‘ h a ’ ~~
_ a c rc ~ t , i~~~ l cc n i .i . s- r h  a m - ;  -~~~~

D’Ch) . 0

- CRc) , LAP ’, . -r.-~~t n :3 wiie-  ‘ rn ’  r a ~c 1~~~t c  my 1 — (n , ,‘. • S ) ic i i  
~ 

- in-c

be h c : . . i: c OC iv fl ) i — ’ . a

4 .  3 ~~~~c — i h o a  -“ . - s

A v ery  m n f l - n i ’ : . ’ i-a l proposal for guaranteeing serializability of

u~x~a’ e’ s”t~ .-r ’; h-’is beer; I I;” ¶ ‘~‘ - m - h . a  c c ” l o c k i ng  rw’c -b an  1 Sri of f EC . LT~ — — a l s o

-h j rh - r~ccc~d c’xt.-fl~; ’cve 1y in (laS). ‘~1so , the e’;’;erior -‘f a quite d i f f e r en t

seri aliz at -ilit y 3-rm nc a ;-le (which was used In th” development of the SW—i

distribute -i - ;yc t r ’n l  ¶ p ~~ , (&RP)) i.c oa~ t -cired by the so—called protocol P3

- — 



(see (BSfl . In this ~~~h st. c - t m c c i n  We - .;.~~w t hat  t ies. - tw o  different

~ 
‘
~o~~ c~ .bc men of serializability -an .’ i ec l; .  • c .~ , 1! ;  Our mr~i,1c’ 1 • t - - two

.- f f i c i e n t ly  r ecognizable tnicccft~ne~m c ’au nuta subsets of our class DSR.

The t~~ —phase locking St r . t t  ‘-n~
- r(’. ;a(-q ts .inI re .1 e.a’,c m. ,a. - ’  ua l  l o c k s — —

i .e., raechamn m tams that guarantee ‘-xdl - :~~i’.’e- data acce s s -—dur ing  the execution

— f t he .1 if ferent or-cr c it  co ics  of .t:; u3 .dat e . The r i l e -  tha t c proven

: ;u f f ~~. ie ’ ro ’ fo r  l i a r  a m . ’ ‘- ‘ - c r - a  se r i a l  m t . a h - n  l i t .’ cs : : , e - ’:vm ~~i - -u ’’ st -a lock

a 1 - .-k big h ,~
,’m; r.’l’’-ine I, ~~“ r . i ’ ~ ’’ , t h e n c - f o r e , ~~~ ; h . . i s c - -- : one

h u m  mr; q whc oh locks ~~ y - - m c l v  1— - ‘ ‘- I . foU iwO.!  i 7 one d u ri r .  which

~~~-k s - -an - e m i l ’ .’ I-. - n - -I.- i ’ , -  I. Tn; ’’ n i  .1 n ’ - leane ’ of ~ 1 c ’- ~~ -Ielilfl jt$ th e

b w ~ - : h a ’ s , i n  cm ~~‘-h . ’ i  - t  t w o — g b . - ;  - n ; - i a t . e’. t hic ~ , l c c t h ) n s  of ftS~ m o n t e

t ha t ‘~~~i — j : ; . t - c ’-  lockirn a - m a t , .  - - n ,  ;; n ,’1,’-’,S) e - ’ nm ~e -: t ..ally amounts

‘ — a  -‘.~~v m j m m : ~ tr . e’ ~: ‘ - - m - .’-a 1 fm -r’ (H ) t . (W ) C : . ’ - - t - ~-’-c in terval s :

-‘inc luring w h i c h  :. - symra~~n l  ~ w : ’ c .  S(~~~ ) fl S ( W ) .‘ - a:; ‘ - x n ’ - r  
• f o l l owed

h ’ 1 one ~- a r m m. c  whi t; mc’s ‘.ymmth~’1 ~~ 
- ‘ .n ’ . Sh’ )flS (W ) 0 ~ ~ azc exist.

. r c - ;  n s  ca p~~- m - - h  h , t h e ’ f ’ ’ l l r w . : . -n ! “ h i m , i o n :

~E F T N ~ TI N 5. A h : n h  i ‘. h (n , ’1, ’.7 , . - )  a s  ~~ — :  ;.;,e~ ‘ ‘ .

a con : ° t 2rI.) ~f -ar . ! sniy i b ¶1: -r e , s c - n t d i m - t i n  —t m n o m — m m . t v g o r  real

- .rn~— ’ r - - t
1
,.. . , ( t h ”  - - :‘ )  - . - ; c h • hat

a. (R 1 ) < t < ‘1 (W1 ) for I

h. If s(p f l S ( W~
) 0 ~~, ~ j ain’t (}- ., )  ‘ (W

1
) ,  ‘lien < 

~
.j

c . I f  S ( W  I fl S ( W  ) ~ .~ -in . ! (W ) (W ) , ~l;” r, (W . ) .
c 1 3 1 j

To unders tand 1 7 c f c n i t i o n  5 , consider a transaction (R e W~~) in a

history Fm € 2 3 . ,  and c ’,s 1-n ~-k ; ~ -- c : c t  t .  The i n t u i t i v e  meaning of the

1 a. -kç ~c m n t  is the following : dur in g  I ; ’ -  interva l ) (R ) ,~~~) a ll

a 

_ _ _ _ _  _ _ _ _ _ _
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v a r t .a l l -s  in S(R ) .are “~- rc-t • r ~~t e d ”  f rom w r i t  i na q by otf~c’ r transactions ,

by virtue of (b). Also .iur c r - a  the mmct. -rva l N .,’l (W)) the variablec.

in 5(W ) A r e - I - r o t e  tech trorr r’- , t - hc n c- ~ -:‘: ! writing . Conditions (b) and

(c) therefore c - r ; s e m c t  c~a 1 ly  s.c’, t ?c .a t  ?cc ~ n n c t e ’ r v a l  , Tm (W ) overlaps

no interval f k~~
! ( W

k
) )  wit ’ S(W

k
) flS (W ) 0 ~‘ and no interval

with S(W.) flS (R.k
) # 0. Thus, the second loc k is granted before the f i r st

mc ; r e-leased , m m ,  a~ - - - - c m - t a z c . ’e. - ‘— ; t h  t ic ’ b~~~ ’~~ hc , tS ’  j o n  k i n g  principle .

Although 17.- fi mc ; t  1. ’: ; :; 4 c i : ; . !  . Inffer only slightly nm condition Cc),

the latter i c ;  a ‘ont - ; t a n t  n a i  r - ’n t r c c -t c omc . ¶ - 1 r ’ -t , we- r o t c - c  that 2PL cc -~~~.

Indeed , i f  ; 
~ Il . t t c e ’ m ,  tb ’s ‘.oc- -k ;sc im;trc , . , . , 1 are a : n t o r m c ~n t  ; - a I 1 ~ -

1

valid ;:e’n- c ,i1c. - , th- ;.~~tv iccmn t :; S m m, 17~- tc:;c t co rn 4. To se-c t h i  - ,- 1 ma

lu’ t :aotcoe f c~ bh ,a -:.- ! n t  - - Cc ) of I’ .-!cnct 1 - -;; 5 ((W ) < ~~ ) t . ~~e t  h e n

with (a) ( < t~a
’ . ) ) n~~ -Iy ( - - )  of 1~,’b ar; c~ o. 4 m ao. l v ,  S. ‘ S ) -

c 1 - 
1 3

To show ‘ i t ’ h- i m - - lu s i o n iS  r - g e - n -  , not i - -c- tha t h r  I .- hi m t  -ry

• R
1
. ,i.~~ x)W

1 ~~~.Ly ,.r 1W~~[y)

we have that h (-~ ~n e’~’ F;-jui- ” Sa for D ’ ( h ) ) but h f 2PL. The ex-

planat’con for the l i t t e r  fit ot is tha t transaction 3 has mc - lockpoint

cnn :” , cf v had , should ~ -s~~’ ~‘ < < 4 (by (b)) arid also Q,~ 
) S

(by Cc)).

We can , however,  cohe ’— k  very effi ciently whether a history Fm is

t~~~-~-hasr  l o -ked . Civern any hi story  h—  (n, -mm ,V ,S) we def ine  the history

1 ’ ( 2 n ,~~~,V ,S ),  where h is obtained from h by inserting a

tr,anscic’ion R , after W in Fm for j l,. ..,n; S’(R ) 
~~O ,n+j 13+7 1 n4~

and [1 (W
4 ) — S (w ,). For example , the history h for h of the

exa~~~l. above is

a

_ _ _ _ _ _ _ _ _
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h R
1
R,R3

(x)W
1
tx)R

4
W
4
(x1w ~~(y,z ) R

5
W
5(y, z3W 3

[y ) R
6
W
6(y3

TH~~ RE~’~ 5. For a history F m .  Cn , ’T , V ,S) I i E 2 P L  if and only if

h € Q.

Proof. Let (L
1

,• .. , t }  be a set ‘sf distinct non-integer real

nus~ers , and let . i ( j )  be t?.~ - number of  positions to the right that the

symbol ~~ 1
(~~) wa’ shifted in 1 c ;  in other words a (~~) — 2 .j ’W : m ( W )

Consider the set S ,... , S , w h o r e -  S • ~ + a ( ( e  1)  for i < n, and
1 -- n . i c a —

S. • ‘( W . ) • a V ’ (W . ) )  + 3/2 for c > na. We ‘ -
‘ 

::.‘ that {t . )  is an;
i—n i— n

,a c ept ,ahle- so’ of 1 s ’kp o i nt ’ . s.a t is f ’ ,’imn-i Definit m om 5 if and only if

is a set of - c’s c a1m ~ .tl n h ’- ,’ ~‘c - i m ,t : -. .ac~- - - r 1 c n - c  t - - l~,ti n i t co n 4 ,  1~Oth

directions f - - h ow f r - c r n  t h e ’  -b -f m i t  ions. The for~~ 1 derivation is

oøitted . 0

To illustrato the hc cre ” the hcst ,)ty h above is ira Q, since

D’ (h) is acyclic (F;-aur - 6a! . However , it is not i i ;  2PL, because D (h )

is rio: acyci ic (Foc; :are’ “1- ’ . Naturally, T};en-r e-r’ 5 yields

COROLLARY . T o c t i n-~ wh e- ’ h e - n  a history h—  m: ,’1,V ,S) is two—phase

loc k ed can 1--- jc-ine in O(n’ ~V ) c h a r  , o

We now turn to f o r a n a l n : m n - i  and studying in our model the protocol P3

of (N~RP) and (BS). ~v- -a hl the thgraph 0(h) defined for any history h

in Subsection 4.1--see Figure 6a for an illustration in the case of

h • R
1
(z)R

3
W
3
(x)R

2
( x ) W

1
( z ) R

4
W
2

(y , z )W
4

(x ) -

I

I _ _  
a-

- - ~—•.—--— —- - ‘ - - --
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(a)

Figure 6

D~~~INI T ION t- . Let G (h) be the :.‘n.i: r ’ - ’f c ’n~ graph corresponding to

D(h)——rigur e 6b. A ‘.-~~~~~~
. Li ~~ h )  I S  ci s e - l i e- n:.’ (T , T ) -:~f

In

m > .1 transact ions s-u -l: that [T , T ) are edges of G O-a)

- 1,... , r- - .,  and so is IT. ,T 1 .  N o t i c e  that all edges are cycles

according to thm ’- defi rm tcon. A cycle iT ,...,T , ) is hj.J it
m

1

( S ( R  ) U S ( W . ))fls(w ) O~~” ,i
m

and

S(R )flS (W ) 0 0  - 0

N o t i c e -  that cm ; the a l e - y e  j c ’ f : m u t t o n  the ’ f i r s t  node of a cycle and

‘- t-,e -rder of listing of the nodes are important . For example, in

Figure 6 (T
1
,T
2
) is a bad cycle , whereas (T

2
,T
1
) is not. ~ad cycles

are , intuitively, those cyc les that can correspond to a d irected cycle in

0th’) for some other history h’ involving the same transactions.

DEFINI TION ‘~ (continued). Let h (n,IT , V ,S) be a history. We say

tha t  T~ is a Ji4 I r eib -r ’:  of T
i 

if there exists a bad cycle

(T
~~
T

3
,...,T

k
) i n  G ( h ) . We say that Fm obays the ;~r’c”- ’ct P3 (notation

h E  P 3 )  i f  whenever T . is a guardian of T we do not have ‘~t(R ) ‘ lt (W ) <1? (W ) .
i

0 
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For examp le , consider the history h of Figure 6. The only bad

cycle in C (h)--Figurc? 6b--is (T
1
,T ,), and hence the guardian relati on

is simple : just T~ is a guardian of T
1
. Since -~(W2

) ,,,(W
1
), we have

that h E P 3 .

THEOREM t- . Suppose tha t h Cn ,’~,V ,S) is in P3. Then it is also

in DSR.

Proo f. We sha l l  show t h a t h E P 3  implies that D(h) is acyclic.

Suppose that 0 (h) has a cv I c  (T
i o T ,~~•~~•~~

tm ) e  m —  2. Consider the ~rc

(T~ T
~ +i

) of D ( h )  --n addi ti on mod m; we have three  ca~ &-s :

-a . S(W ) flS (w ) 0 0 ,~r - !  ~1W ) ~m (W ).+1 7

b. S(W ) f l S ( R  ) Ø and 7T ( W )< m ( R  ) .
j 3+],

C. S ( R ) f l S l W  ) ~ ,~ and “iR )<-’ (W
3 m + l  3 34- 1

Notice t hat in both cases (a) and (b) we have that w (W
1
) 

~
(W
~+1)~ and

that more than one case ~~v he applicabl e to the same arc. Case (c) is

sp lit tnt ’ t w -  suhcases .

(ci) Cases (a) and (c - ) do not apply t o  t h e  arc  (T~~~1~~T~~) .

Cc -’) — I . or c ase ~~ or e - Ic,. (c) a p p l i e s  to (I~ , T
,~
)

In case (ci) we na -.-c th at - (W~~~1
) ~(R1

) ‘ In case (c2) ,  however ,

we n o t i c e  t h a t is a gu a r d i a n  of T
~~

. C o n s e q u e n t ly , s ince ~ (R ~~) c

we must nece ssarily have that .(W
,) 

-

Now, consider the ope ra t ions O~ , I — l ,. .,m , where O~ — R~ if

case (ci) is appli cable to the arc (T
1~
T
~+1) , and O~ • otherwise.

We have shown that ‘c for J — 1 ,. . . ,a (addit ion mod a).

This  is a c o n t r a d i c t i o n , s ince it Impl ies that ‘e (W
1

)’ ‘(W
1
). o

I
- a 
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Th.or.m 6 implies the following , independently proved in (aS).

COW)I.LARY . His tories tha t obey the protocol P3 are serializable . 0

Oam- next result concerns the complexity of recognizing those histories

that obey pro tocol P 3 .  By the d e f i n i t i o n  of this class, this complexity

is detsr~ in.d by the coimq-l exity of computing the guardian r-elatioa among

the transactions in a history . We s ha l l  show P~~ v t h i s  relat ion can be

co.~ uted efficiently. For each transaction T., le t :‘(T~ ) be th. set

a l l  t ransaccions  T . t ha t  - 5 a t i s f y  S ( R . )  f l S ( W ) � 0. Thus , (‘ C T . )

- ti~s set - t , a1 l  t r a nsa c t i o n s  t h a t  a re  possibly guardians of T.. To

determine wtaether a transaction T . €~~(T.) is indeed a guardian of T . ,

we delete a l l edges (T ..T
k
( su5 h that ~ (W) (3 (~~

(W
k
) US(R.

k
)) — 0 from

0(h) , and then -lete’rinine whether T and T are on the same bicotmnmoted

c~~mpon~~~ t of t h e  r .- ;cn l ti ng graph . This can be don. in 0(n
2
) ti~~ by

t ;.‘ ~ 1qor ithm of ( T a ) .  I f  T . and T are on the same hiconnected

- - irponent , t h i s  means t h a t  there is ~ bad cycle (T..T ,.. . .T
k

) in 0(h) ,

an-I h.n- -. T , is .a guardian of T , ; ~thp rw~ se, it is not . Repeating this

for all T
i
’s. we qe— t an algorith m of total complexity O (n

2
(tV ~ 4n

2
)).

Hence we have

~

— -. --

~ 

-— - — -
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THEOREM 7 Tes t ing  whether a history h —  (n,TT ,V ,S) EP3 can b-

h-’n*’ in O ( r -i ( j V j  + n ) )  time . 0

4.4 The Class SSR

Certain histories , though perfectly serializable, have a curious——and ,

according to some , undesirable--property . Consider, for example, the

history

h — R
1

( x ] R ~Wjx)R 3W3
(y, z]w

1
(y1 .

This history is serializable. However , the only serial history equi-

valent to  h is easily shown to be

hs — R
3
W 1 Iy, zJb

1
( x ] W

1 
[ v ) R

2
W
2

( x )  -

What ic i:- t , ‘r e ”;t In-:~ i s  t h a t  in h transaction 2 has completed

execut ion l - a ’ fo r e -  t r an s a - - t I o m  3 has s ta r ted  e .xe-c~I ti ng, whereas the order

in h
5 

has to be the rever ’o . This phenomenon is quite counterintuitive ,

and it has b~-,’r o~ ~m ’ - ~1 that perhaps the notion of correctness in trans-

action systems has to hi’ ctringthened so ‘as to exclude , besides histor ies

tha t are not serializable , a lso his tories that pre sent this kind of

behavior . This leads to the following def ini t ion :

D~P’INITION 7. A history h - (n,s,V ,S) is said to be seri,.aliaable

~~ ‘~~~‘ ~~~~~~~~~~~~~~~~~~~~~~~~ (no tati .-rn : hE SSR ) . If there is a serial history

(n ,TT ’ ,V ,S) such that h~~h5
, and 1T(W ) <~ t (R , ) implies

— ‘  (W
1

) < w ’ (R
i
). 0

- - -

~ 

-- - --- - — --~~~~~-- —-- - - -  ~~~~ --‘-- -~~~~~ 
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It is not hard to verify that all histories ir, the class Q satisfy

Definition 7. To see this, recall that a history h in ~ has a set of

serializab ility points S
1 

t~~ - - ... S , say, such that h5 
- R

1
W 1

- -  .~~~W E h .

Now , if — ( W , )  < n (R ) ,  we hav e , by the-  -k-fin ition of S ., S < i t ( W , )  < ~~( R . )
1 3 1 1 3

< S , and tht -rt’fore 1 - 3 -  Ut-n - c - t i O , , t  t ions i ,a: d j  have the same

order in h
s 

tha t they have in h. It I liows that c c  SSR.

Nevertheless, the classes ~ and SS~ are not the same , as con-

jectured by (Wo) . A counterexarq’le is

h — R
1~~

zIR ,[z~ w~~~x ,z ) R
3
(x)w

1~~
x ,y)w

3
( z ) R

4
(y(w

4
tx ) -

T~’.is history is  e q u iv a l en t  t -  tb ,- opr~ a1 history

h — R
1 
!~‘jW 1 

x,v 1R
2
(~iW ~x~ z)R )[x ) W 1 (z1P 4

(y1W .[x)

-; isfyin~.j :s f i n i t i - ’n . oowt” .” , h s n t  in ; to check this, just

ii~ - t i - C  that th e- d i-:r a~- - 0’ ~h) ~~~-w n i n  F , q u r e  7 i ’- not acyclic. It i~

no known wh.tn’- r the cl-ion h~ Is •-~~ I I t  t n t  l v  r e- - -~ :- liable.

Figure 7 

---______
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4 . 5  Sussna ry

The topography ot the set of all histories H and its subclasses

SR , S (the ot - r ia l histories) . Q, ~~~ DSR , P 3  and 2PL i- - depicted in

Figure . The inclusions shown either t~~ i 1ow from the results of th2s

s~-ott~,-n , or are straiqht-forward. We also show below an example of a

history for each of the 12 regions in this diagram .

------ - -- _~~—-- -—-- -~~--- - - -~~-—-~~~~~~~- - — — - - -- —.-_~~~~~ . - ~~~-~~~~~~ - - - _ _ _ _ _ _ _ _



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -

— 4 3 —

SR 
-. .4 f

.6 ~ cs~40 
~~~~~~~~~~~~~~~~ PL

F: : o . -  s

— :~, [xlW ~~~R 2 k1~ (xl

h
2 

—

— , R ,R
1 
(x

1 ~~~~~ 
‘y, ~JW ~ (y

h
4 

— R ]R Ix.y)W
1 

:J~~~~3~
y,zJ

— h
3 .

h
6 

— P,~ zjR
1
W , (x ,zlR 3~ xlw

3
(.1~~~(x ,yJ~~~(yJw (xl

h
7 

—

h
8 

— R , 1~~~~7 ( W X . 7 ) R 1 [ X J W 1
I X , Y ~ W 3 L Z ) ) ~~ F Y 1W I X )

h a

h10 —

• h ,, • Pa
9

• R
1

( X 1R 1 ( J C ( W
1

1X ( W 2 ( X 1

4

______________- —_

_ _ _ _ _ _  
_ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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5. i~F:~;-rb I~’-:’1~~Nh - -
~~ T~W ~-F~~~- -  AND WRITE—SETS

It nr i -  out that 1 We - i m l K s ( -  - e r t a i n  i t - O t  ri - t  ions on t h~- structure

(t tt:e map S ot d h~~- ’ - r v — — i . t ~.,  t h e  r~~’ a d —  and wr ,tc— - c - t o  of the trans—

a t  O n:; in  t : I e ’  h i s t o r y — — t h e  to~~ graphy of H ( sho~i in  Fiqure 8 for the

- ; t - n . ’i a I , 5t :;~ ’ is ~- imp I i t i -d - i - l i ’ :  t~ 1 y - The ri~~s st r  i king such result

~ n _ a t  of -~~~~~ ‘ I . A f .u; 1 _ t 5ooi rq t 0:: in t hi’ model — - ( -
S

- - } ~- )  — — ‘~
-h ;~‘L i ;  

i a l  th a n ’ h t - : r e -  : a ~ : .~l 1 - a . -o i io r- ’- ‘; in two

i~t e~- s— — ~ s ‘ha ’ no ~ o - a~~ a ’ ’ - - - . t  1’ - (or -  v u  Ott’!.-) i i -  o- -~- t ’ - d , unless it has

r e v i~ -u: l ’.’ r.-,a51 . In -nr model an-~ lo t at ~~~~~ thto :‘‘-ar :- t h a t

S ( W ) C S CR ) . I s c:;r s i n  , ‘ - I • n. i l a  I I it y , -v - t~~ —~
- &‘m~- I .~t ._ ‘

r (’di- -at.- 1 - m-~t - ]  , is  - i c ; . ’ r !  ly  !.-c~~~a l l , -  i:~ t h .  - ~- ‘ . ~~t - t X l . a l f l

this In ‘. i t ’ ~ - t  - - o  p r e v i o u s  df s ussi ’:a ~s

I’I~~OREM “. h u~ v- s e  t h a ’  f-~r a h ;-~t - -r- - h • (n , , V , S)  we have-

5(W ) C 5(R ) f r  j — 1 n .  Then Pa in : ; (-r ia l i : ,a ~ l e  :f  and only  i t

h is in h~~.

Proo f .  nnffices ‘ -;h w t~~~ i~ if S(0
1
) flS(c ) 

~
‘ 0 and

c , -’~~E~ io.u~h t h at a t  i . - i o t o i . - -~ o ,~~~ i s a
1 1 . ri 1 -

writ ” symbol. ~h- ’n — ,  (o
r

) < ‘
~~~ 

(ci , ) ira any h i- . t - ~~r - - - (n , ’’ ,V ,S) equl—

~~ I en~ - - 
~i . : -n ~ ‘h i t  i

~ 
— W

1 
, CT~ — W 

-
. S (W

1
) ~~~~ S (W~ ) share

a var iabl e x , wh i ‘h , by h’1-~-- - t h .-sic , is also in S(R
1
) and 5(L,)

~~~ce~ ner- .r y ,  in Pa T~ re ads x from e c ~ T
1 

or fx- --~ another

t r -a n s a~:t ~~on which , by thø same ~ra-1T,re-~t , rc~~-Ic x from another , and so

on, up to T
1
. Now , not ice that the S(R ) ~ $(W )  a.st~~ption implies

tha t In any ‘“rializable h i e t c i r y  th.-re can hi’ no dead transactions. Hence ,

L11~~~~~~~~~~~~~ 
_ _ _  

-
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by Propositi-- - n 1 , in ~tn- ’ history (n,it s ,V ,S) equivalent to h we must

also have 1 ° (W
1

) < “ ‘ (W ,). The other two -:.ases are settled very

similarly . 0

It  tu rns  out th at  the rest  of the classes of histories discussed

prev iously have -a ~on s i d e r a k - 1 y  s in!  1.~ x stru cture under the asst~~ption

t hat 5 ( W ) C S (R ~~) .  We show hi’l -~w , without proofs the corresponding

diagram .

-w -

~~~~~~~~~

QJS~&

no

“r - , -~ ’’a a different •~~ ‘ 0 ~~~~ 
- t  : r. on 5, he c~ - a-n  SSR coincides with SR.

an;~~~ce’ t hat in ,i h’ ’~’ -~r , h (n ,’~,V ,S) tOe re ’ as a

n - ih ’o’ ’ X • ,x ,.. , x C stL ’h - -a f r  i 1, 2 ,... ,n we have
1 -

( a  X C  S ( P) ,  U’) x~ E s(W~ ) at and only if i - ~~~
. Then h is

ser ial~~r a P l e  ~f and only if h-€ SSR .

Sketch of Proo f . Imagine “‘-‘a’ the var ’i a I I e  x iq a ~~o1ean sig-

nall ing whether transaetinn T hi~~ -rwtt-leted . Therefore, if T completed

in Pa before T
1 

started , the -name must hold ar any other history equivalent

‘- o h .  0

_______________ - -- --- ~~~~--- - 
- A
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6. SCHEDULE RS OF H~~~~’i~tt:h

i t - i i a I  in~~~,rtjfl~’e~ Ot t h ~~
• - -l as~,.-s of hi- at -a a e s  .‘PL and P3

di~~ o’a:a.’ I in  S e t  i~ m 4 s tc ’r - - ; a~~m I h. t , iot  t a t  t_ hc-y ar.- known to

o r re-o~t’n I to sin; 1.’ -
- ‘;. - , ‘~ :‘. ‘ . A ~ch. ’c t t i i c - ~ for a c l as s  - t  t t l : I t o r  i l - l .

(to 1’.’ ,tut ine~ t i  ~~ t i ly l-. -l.ow ! Is - e ! . ’i ally a l a  a l - i - - a  if h n that t a k e - n  ,a:~

an i n p ut  ..n ar~ ~t a a r y  h~~st ~~i y - -~~~s s i h 1 y  n on- se r i a lx : , t l ’ l e——an d  return s a

history wh i - h  s ‘ to. “ c 1 ‘s.-~~’. - - t o -  a v . - i  one ,a~~’rq ho~;e belong ing t c

he clasia . If • - 1  a~ , n i n  ,a subset  - , 1 . - a  c- I - x e , the scheduler

cm r ,I io t ut - -a : a t  : • n i  h. - ‘  , - -  i S  ‘c - i  ia l i~~ , i t - l . - . Suc ’h a

,nir hi- ain. -~i i i ,  ‘ ‘ 0-!  a all: a :  a l i t - ,- c - - m j ~ 1 ’  t ti , ’ i ,il a t c ,’i t , u  r’an,a~a.’m nt

.y. or’ — C f  - 1  c u t  - - . , t a - - - 1 -  u -n . - w’ -u I - I  • - x ~ th at a n- h.’- ica er - -; - , r at .- :;

in. - -an I a - - a  - - n - a :  ,y .-f I

~~~ .- h is ’,’: 10 , at 01 thu s,- tie ’ st uh- r Is tto -  s e - c ~ ai.~~;,e of ..triving

a x - a c t  I .-h ; x . - - . t  - 1 ; - n t  - t t o . - se : .‘tnl .’ r Is c ~~~ ual exe cuti on

t~~~~~I~~~i1 e. The t A t S i C  toc c i t  ~~~~~~~ out nppt - ,i~ h ~‘. t v  ~I lI e r e n t  f r , ’r’

pr ev I~-u -a w - - r ofl c- -u a rr .-n~ ‘-
- cont a - i  — 0 i a w a -a  met i v a  tt’d hr c.pcrat inj.

sv c i  eu~s e’ - ,
- 

- • 
‘- • - n o t  I o t a e ‘ • ~~‘; ; - - ( CD I )  s t l t t  the c. ax ; - p 1 c - r

-ci th is inpu t bts~~crv 1* a ;‘c c p c i l a t  j o t ;  ~~t uS .-tn , ,c,t; use r t c . ’ t ng unaw a te -

o 1 t t i e  it • i n  -~ 0 h. ~ - - . - r ‘a • T h i s  imp! .-  I t a ’ c  I ‘~~t 0 r dc- r Of a! a I vol

i to’s.’ 1c ;‘ a . - c t c  h a s  no - a a ’~~R r c t  I ,  - - n h - f l !  what - a ’ . y  - and t h c r - f o r e

the “- t ier i s :  - t  t ’c ’u n d  ¶ c - ~‘r ’ ! c x .  .- an - ‘ c t  p ut whi ch i~ e q u i v a l e n t

(or re- I at  ed I :- .a n ’~ - r i t- . -~t w ar )  t o t O ’  input - In fa t t , the c -p c-ra t ton

o l t t i e  c - h.- I ‘ a •‘ r bec —‘ a ’ ’. t n t a- r a- ’; I ng and Im p o r t  .an • - x a  t I v  when a he -

schedu ler ~~ ;c i  n,- - .’s’aarllv tr.an ’-iorm t h e  Inpu t to an In e q u i v a l e n t  ou tpu t ,

h i-c~~U*~ t h e  in p u t  is n o n — Q e r I a l i 7 a a ” l e . say .

~~~~~~~~~
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The re are , however , cert a i n ;o- r to rnt an cc - r 1 c e - r 1 ~ that the Input—

output ma pping of a schedul er should satia tv . For example , a trivial

scheduler which guar antee s s e r i a l i z a h i i a t v  is the one that outputs

only ser ial hi~~t c ’r tes . fl a ts hi , t x , ’we’~.’ c - t , tOc . r.-s tr1~~tivt- a mt-chanicm

t o  be of prac ical val axe . h a t  a It iv , - lv . t he ri~ her the out put class

the ore powerf ul  the scheduler , t ’e-~~a c a s . -  a I a - - a s  re s tr i ctive class

of histories will r equire  less r,-nt aat flara g c c l  the operations and will

cause fewer and -ci: - -r ’ .-r --a::necesn’ary ale lays . l ; t a ~.’a. ly, we would like tc’

have -‘a a’. t”~~: :~ r~’r , w’s s.- o u ts  u ’ - . ; - -a n - a  ‘all of SR. t’rxfortunately, we

‘cl ue 11 soon -.ue lao t hi- .-x a; en - .- ci ’ suc ’h a ; r- ,- s- . ’ t cal ly useful ‘1ev ice

is very am~ r -1-a t 1 - - .

-a - The —‘ .- r i~~’ I ( - , - ) n the’ !t4 ~ ! H as d ef ined as

-a . I (  ( n , , V ,S) , (n ,~’,V ,51 ) :a-r’~cx’.J :~~~~
1 

( a )  •
1

( i )  • a — 1 ,.. ., )).

1 - I ( - t-~
- 

• 
— , . , S ) , (n , ,W , T) ) it -an, - - nc a t  : , ‘‘ 0 W ,

S$T  h o l t a . 0

~Th e 1~~co a n ° -  t c ’ a . ’. - : .  w —  h i c t , 7 i , . s  I e f , : e I  cv-, the same set of

transact ions as h .’ref,cte minus l u i e n~~t 1. of 0’’ ar lonqest co~~ t,n

p r e f i x .  N o t a - -e t ’ ; ’ a ’ d(. , . )  :a ci i;!i.’’; 1 •c me -In c axioms . A variety of

-cthe . t metrics would s-;f f a - ‘  f — r wha’ follows .

D E F I N I T T  - N ~ (continue- - ’, .  t.e t C be a non-c-- taa~ tv subset of H.

A ‘~~~~~ . ‘ . . - t -  ‘ - t  C Is - a fair - t i c -i; A r H ’ - C  such that

d (h ,A (h)) • rcir ’l (t ,,h*) :h’E C} . 0

_ _ _ _ _ _  _ _
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Thus , A - - ,t : .  be t h c i u q h t  o t as r- ,
:
, i - ;  H ( d a t  C) C under the

metric d (.,.). N~~t 1oe ’ that A (h) and h will not be equivalent in

general. The metric d(.,.) le- ’ l u L t e - S  tha t A le.aves histories in C

intact , oxa -~t , i r a  t a ct  , it leave ’- , i a ; t a c t ~as long -na - f xxi-;; of arbitrary

h i s t o r a e s  ~~~‘- possah l i -.

Let us reeatat.- now the assumptions i s ?  our model ot schedulers

(a). A c t ; e n t : x h - r  A mi n lm t:e ’c- the d—d ist anc e he-tween it s input

and It s o ut  p u t  . 1 1  Is i i i  C u  ft ire lv means feat t h e-  •~~c h eu l c i  i t -  r opt’ rat ‘- - a  on-

line , and , h u r t  t i n t ’ ! . - , t t - e t it .. I s  i n  an -; :“~~ . t :  - ~‘.av As long os

the h is t or ’.- seen so 1. i i a c ’e x l , l  pc c s s i l ’ l v  be a - x I , - : a - t . - ct I -  a t e r r a - c I h l s t c ’ i v

k tac -r ,- by ‘‘ te rr a - , t f i l c a t c ’ ! ’, ’’ v. no-ar ; one vt ;;ch the scheduler , In it~s l im-

it e~I aop h t ‘- t i c a t  i c ’: - , re- c ~‘gn I 
- a ’  ‘c as ~

- or r e , - or • i- - ; t x  I vs lent ly, an e 1 e—

mont ‘‘I C — A ( H  ~‘I t : , . - s, h u t - a l . - r jet- s not I a; I e r v . -n . -  I r e a r r a n g e  read

~a~ d w r i t e  rehc:. -;a i s . A ’- .1 a ; ‘r . ’h 1St v , I thia  c tacutcale r L~. fed with itx ~

own out pail • a t 1.- ,e~ - .-- ~ I t  t n t  a it Is t to ’refore ~~e ’••~ ‘‘ ‘ci , or a pr olect ion .

T h i - . is ~ 1 ’~x i t t  t c . i c - .c ’ t;it - le :assaim ;’t ion to make. Although we aantn ’t

I 01 .a I lv exc 1 at . - h. peas lb t i l t  v 01 sc~~e , ! u  I . -  r -a t h a t  op e r a t e  ot he -  nw i —a -

(tcit examp le , ,i :- , I  i c i p a t  h a g  1 ’ ; ! . -  ~~~~~~~~~~~ t h a t  w i l l  make t h a histor y

n o n — s e r i a l  I t . a l ’ l e a  - a l l  - - t a - , t  c i  a -a - ca ; -r o p ’sa ’d  In  t h e  ;-o’a t ‘-.~~t 1st v t h i ’.

as -acin p i 1~~n .  A n y  c -  oa- ~ ’; er In ; e - r’a-nt.-d h ’. n a t u r a l  ‘r v . t r u c t s  such as locks

(KP), ( ECLT~ or q;i.-aa. ’ -c ha-a t h i s  propert y .

( b ) .  Among a l l  h i s t o ri e s  in  C t h a t  have the longest po ssible co~~on

pr e fix with the input histor y . A selects an y one as its outpUt. Clearl y, a

in practIce this choi c e ’ would he made so as to min imize some more ret m e d

m etric d ’ . However , the res u lts obtained below for our weaker metric

U

t

L -  

----~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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d ’ would apply to more relaxed metrics , too .

We say that A
~ 

is an e ’ft”a a ha.~u~er if A as computable in

polynomial time. Our goal in this Section is to understand which classes

of histories have efficient schedulers. It is tempting to conjecture

that if a class a;. in P , t h e - ; ,  a t ‘ca;.~~u, eff icient scheduler. This

conjecture is  :a’l , ,a , , ’ - a h - i ’ - , t - . - - - , i _ x - , . - , - - ; x 5 i d e - i  the t - l i c ’ w i : a q :

EXAMPLE. Let E (‘ a~~’, , : lx as  se r ia l , and h •h
S” .

Obviously, F - - . an  be reccc~ ;aaz,’~1 an lyixonial time ; the algorithrra

a - ; a v e n  h a u t - r y  in two ?,alves , te-sta:n~ whether the

second h a l  f is ser a -~ , ,~;;i  ‘~ ho ’ he a- I n  e r - u  a,’ond ha I !  a a ; equivalent to the

_ _ _  _ _ _ _ _  
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first. However , it is also easy to see that F oa,mot have an efficient

scheduler , unless P— MP. Suppose that F has an efficient scheduler

A
E. Then we cou l d  test whether an arbitr a ry histo r y h is serializable

by first computan; &
E

(h
~~
h). and then checking whether ~~ (h.h) starts

with h. Sinc e’ A
E 

is supposed to  leave unchanged as long prefixes of

i t s  input as possible, i t  will alter the first half of h.h only if h

is not serializable. SaItCC serializability is known to be NP — complete, F

cannot have an ,‘f ~~i c  a u r a l  s- - ? , . ’d a a l , - r  unless P . WP . a

Our next result e-u;;t -nt~~~lly says that efficiently recognizable

classes hav e e f f ic i e n t  sched u lers , unless they are as pathological at

our example F aia’v ,- . Let h— (n ,~’,V ,S) be a history , considered now

as a string of symbols r epre ’ient i ng n , V , S ar id the permutation ‘.

A :-r’ t’:
’
~ .r - ‘f h is an in i t i a l seqment of this representation , containing

the encoding c-f n , V . S. as well ,es an in i t i a l  part of ‘— —i .e.,

—1 —l — l
‘‘r (1),” (2 ), . . . , t ~~~) ‘  I c - a  some 0 c 2n. If C is a class of

histories , then i’P(C) as the ‘;et of all ; n .’faxes ~‘! all histories in C.

TI~~OREM 9. Let C be -~ subset of H. C has an e f f i c i e n t  scheduler

if and only if PR(C) € P.

Proof. Suppose that  ;~ has an eff icient scheduler A .  In order

to det.rseine whether a strin’t q is a prefix of a history h E C  we may

ac t as follows : we first verif y that q contains encod ings of n , V ,

and S , toqether wi th an in a •ial segment ~ of a permutation ~r of

ç We then generate a ~~“r ~~~~~~-“ : of r by juxtaposing to 0 the

symbols W such that R - but not W~ is present in 1 . and then the

U

________ 

____ 
____
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strings R~W~ for all ii ’s such tha t neither nor W~ appears in

We then calculate h ’ A ((n,p, V ,S)). It is straightforward to see

that q is a prefix of h’ if and only if q EP R (C). Thus we can

e f f iciently determine whether q~~ PR(C) .

For the other darectao: ;, ;,u ~~j > c .- ;e - that P~~(C) € ~
‘ 

- Ba sed on the

recognition algorithm for PR(C) we Ieiagn an e ff ;-acnt scheduler: Ac

shown in Figure 10. A - ‘r i l - a i t e - ; ;  ?e (h )  s (n, , V ,S) by determining 0

eleme n t — b y — e l ’- rnent.  It should be ~hvac -us that A operates as

prescribed with’.n a time bound ol O ( r - a ’ c ( a a , I V I ) ) ,  where C(n,IV~ ) is

the complexity of recognizi :aq PR(C). The Thmorem follows. 0

It is now easy to link the discussion of lections 3 and 4 with the

xist •racs of .— f fc - - ae nt s - h e - t - a c ’r s .  We get two tyl -e ’; of results:

CO~ 0LL~~RY 1 . ~nless ~~~~~~ :~~ has no •fficaent scheduler , 0

The cl -a rc-S.. S, 2 1 1 , ,  P3 , ‘~~ , DSR have e ffici•nt

-~ - -h e du l e r s .

Proof. We have ‘ hc -~~r, t h a t  these sets are in Pr it is usu*lly

s t ra igh t forward to show tha’ their ~eta of pref ixes are also in P (this

is not a general property ~ P; there are languages in P that have

non—r cuts ive sets - f  prefixe s). As an illustration , we wi l l  sketch a

proof that PR (P3) € P . Fir’ t , g a v ~ ra an encoding of n , V 5, end a

seqment p - a f ~~~, we f a r — a t — - c ’0 1-utu t r ’ r a  S the digrnph F of the guardian

relation among ~T
1
, . .  .,T~~ . We next make cure that wheneve &- is a

guardian of T and - ~W )  ts defined , then •ither ~(W,) ~ ~(W ~ )1 or

> 0(W~ ), or o (R~ ) as undefined . Finally, we make surt that 0 

_ _ _
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Scheduler A
C

Input: a history h.(n,’t ,V ,S)

Output : a history h’ - (n,. ,V ,S) EC such that d(h,h’) is the

smallest ~osa~ible , i f such an h’ exists.

(n , ’~ 
) , V , S) f PR ( C )  f he ’a  r.-’D:tr’:

> is the empty permutation;

.~ :~ . !e; ::p’ i

‘ : <  ~~;

- p • 1 , . . . , 2n !‘

done : •

i — - a , i~4-I ,..., 2fl ~ ~ dO

€ PR (c) then

begin

done : •

‘ ~ ( i ) and r

• 
~- ,

e~

ret~tr’i (n,;,V ,S) ;

Figure 10

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—
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- -an be completed in a manner not violating P3. It turns out that this

amow~ts to verifying that the restriction of F to the transactions

that are active (i.e., ~) (R ) is k-fined but ~ (W) is not) is acyclic

(~t discussion f this part f-~Uc-a.’s ~he proof). Hence we have an

ef f ic ien t algorithm f)r PP- (r’a ) .  0

We show ii’. F igure  11, ~~a t h ~~;it proo f n , stylized versions of e f f i c i ent

- ; chedulers for the -l,i~;se-, ;P~. (lib). P3 (h a), SR and (11cr for Q

also include the two statements labeled . ) .  I~’sides seriahisability ,

these algorithms must a Iso ;uaa,ar t i -u the ~~s’.n~-e t ;~~- z ~~~ - -~k~ - The

~-asue of deadlocks ,1:pe -~a r :  t o  b. - r t  ho ’~or.al to t h o t  of ser i a l ir ab i l it y ,

-m d ,  In fact , clever -ap r -.,, 1 i ;’ m ~ I ity r~.-’ t h - 1 s  are known t i ’  ant rod~~~e

- ncreased danqer oi l.- ~~l l ’ -~~- ; ‘: • 
~ .. “cii ular wai t anq ’ variety ((CD)

; ‘ .qO~~O ) - A uni f~ .-l tr e , trs’rat ~f - o - r i a l  zabil ~ty -ml deadlocks in a

restricted data rm-~1,’I is -att ear , t en! in [S~
’
~ - In all - - .mea of interest to

as , deadlocks - t; h.’ : ruV~’:ate- ! y c - c t  inc a dytmamir - t lAy -hanging 1.2-i--~ ”k

: f o r  acyc i i c i ty .  - r  - -x ,mr ,~ 1.’ , in two—phase i- - ~~; i n Q  deadlock can

c-ccur if a number of trans., -t i c - s have each locked their read—set, and

ar e awaiting f-m r — ‘i-h other to release th.’ir locks. Hence , in this case

the deadlock qraph has vari•-abl.”; as nodes, az-ad has -in arc from x to y

if and only if sc-rae t r , ’anc-a - - i - ion c -~ar r ”rat1y on phase I reads x and writes

y. In P3 the Icailock graph is the restriction of the guard ian relation

to the c u r r e n t l y  a -t ave tr anar. ct. ‘nc--this was mentioned in the proo f of

- -~r c - l 1 a r y  2 ‘ ‘ Theorem ~~~. F :nilly the deadlock graph in ~‘SP (reap., Q)

has as nodes the ~- ‘tave tr - t ions and includes ~~‘ c- arc (T.,T
1
) if

-m d  only if there is a path fr-am T~ t- c~’ in l)(h)-—resp. D’(h)--

,m nd S (W ) flS( W ) ~i 
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Our notation in Figure 11 assumes that the process P . or W . is

ini t ia ted as soon as a corresponding read or write requests arrive .

We use constructs such as aj h,~n (denoting the awaiting for a condition)

and -c Tf’~ - - :~~- ‘:- ! (bracketing statements that a r e ’  to be executed

indivisibly) . It should be obvious that these algorithms can be

implemented deterrainistically and efficiently on any standard model of

computation 

--
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L) ’.en the deadlock graph with T~ is acychic

output (R
,
)

- ‘i ’ tL~? W -

~~~er’ : T. is not the guardian f -an active tr.mnsacta ra

output ( W )

t a )

: “- _ _ 5,~~.!., R

‘m ~:,~ : the deadlock ~rajd; with T is ac-yc.i-

no va r i~m L l c -  is  S(R ) is rut !— c ,-

w r it e — l o ~’k all variabl.-s a a  S(R )

output (R
i
)

- S ” - -’: a process W~ with S(W ) flS (R~ ) ~ - ‘a - i —  ) h ac  : .‘u: ir .it ia ted ;‘~~~~

no variable in S(W .) - S(~~~) is writelocked Ic ’

write—lock arid read—l ock all var.-il i e-- .- i i  S(W );

‘an-write—loc k all variables in S(P ,) — ~;(W ).

-r’~’.-nii W .- )

,‘~~~- ‘: P has terminated

-~‘~it
5
’~ output (W

i
)

unlock a l l  var iables in S~W

I~’ ‘ad
(b)
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R
)

• . : ~~~. :, 
- ~~~~ ~~~c ‘ : - . - - -:‘ symbols in ~ U { f

n

- -‘~~~~- - f I-~ co n t t i t i ,~ , a l l  k 1 ~~r such  that Is reachable by a

p a t h  t r ~’ua i~ ii 1’ (ic’- ~~’. D ’ ), up t o  th 1~ p o i n t ;

•h~.- - - a ~.~~o- -k r a t :  is -, v- - i  a ’ - “ : for i~o T. �

~~‘• t~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a ’ ;  W . E L
a k a k

.. a  .: ,.

c U t  ~~~~ (R -

I. : —

,a-fl P to all 1, , containing W with S(R
,
) f l S ( W 1) ~ 0

add P . t c -  ~~~ :. -on mi n l n q f

c’:

- ‘ S  
~~~~~ ~

he deadlock -I r .al-h -c-ra t .a iri s no , irc (T. ,T .) 10

:‘ .— .~~ :

~- 1tt’n t ~W - 
)

add W . t o  a l l  containing a such that S (W~) flS(O ) ~ 0

~~: add f to all containing or

set L :  • 0

(c)

Figure 11

t 
_____
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7 . DISCUSSIOW

We shall consider extonsions of our rc- ’ U ’a t :  ia. t ? r .-c ’ da rc-ctjons :

general m u l t i — s t e p  t rans ,i ct  ions , a a t e - a : - r . ’ t c - - - i t r a n s a c t  ions , c-i a!

distributed databases.

7.1 Mul ti-step Transactions

We shall briefly discuss how on r e-”atir- ’ devel~ pmc ’~ t of Sections 2

through 6 ca r ;  be easily extended to ,i f a r  rn- -re genera l r a ; a l t  i-step model of

t r t : ~sac t io ns .  We co:asidur t ransactions t h , a  - - r c a  - ; t  o~ -~e - -~~ ae n  - e n of

s t e l - c a  each c te ’~ ~~~~V l r v c ’l v . ’  h o t ~ - r e e l in g  and w r i t i n g .  c c -  ; .tlate-s written must

he - -~nsa’-ter- ud as u r i t n ~~ - r : : ’ ’ ? ‘ ‘d ~ - a :  - t  : - ‘ran of all variable’; r.’el at the

- ‘~er t or ‘ - ‘- - a . - - s~ - - ‘ - - - t ‘; ‘  ‘a t ra , ’  r an a- . ac  • i c r ;  . - a! i i -  f - it Of

1 a venuc s ::o~ ’ a r ;  1 a r - a  • - n t  i v  a - !uc -  I - a’ - f t r a r ’a i - a . ~~ - - further

~~~~~a f :  -~~~~ions -~ i e  n.’~-e ’ - ii: f r  ct .ata ng the anal : - }‘ropos-. ’ ion  1.

- ti t~~,ab; I a t ’ ,’ a s  ‘h-vtousl ’; NT’— - - ‘ra: j t O :r this r~’d’ 1 • as it

sut- sumes ours - ‘— - - - i r , r - - J t ; 1  nO • an  no - ion a u t - i - ui-med ia u rA ’;al  1 t

- t tr,c -the r or rea ds ~~~‘ different vercicras f the sanc- variable at two

ii ff..rerat steps——t n w c ;c~h c ic ’  u h i  s t o r y  is not  ~ a ial i~~able——L.e~~ .a ‘

is also valid. The four se r lal i zahilltv ;‘r ;n iple s di,c ais qed in SectIon 4

r ema .n  v i r t u , - a l l v  ;:‘. - h c - n~~u i - In - .a - - c - -- T - h - a-.e l o c k i n g  ~-;t -~ m u  l a l l y ; - r c ’—

N ’sed for  a s i m i l a r  model in  ( E~~r j .  F a another example , we sha l l  dc-scribe

ira a somewhat more de tailed manner the gcnerali7 - d r3 ic -~~ of histo r ie s.

In the aiaz l t i—i t ep model a step s ot a transact Ion can he an I ,,- - 0 4 ; r . :  : ‘;

r 
_ _  _ _ _  

-_ _ _ _ _ _
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of ,a:ac t ii.- a t a c-rasc -~-t I ‘ra , whur  e i ( J are st t ’~ - a ;  . Tb is means that s

:‘: ‘!r~~ f~a wa tac i — — 1 0 , ~‘aa’;e - i i t - - write set 1; c in - i v : ;  variables of a ,

or va ’-o—vers~i—— c-a;d thur.’ is a naa ’; ‘f  lntt-rc -ctlc )r;s from s to j. If

this is t he  L- ,t ;,e , s a: ;  not  c - i I c a w u d  to oca ur  ~~t~twc t a, a an d  j  . Than

P3 a a t ~- -~~~~ c- 1w Jy;; van 1:, DSR (-m l ha-ncr ser a,a I a z,tl l - )  histories -

F’ -cr  t~~;t c lasses DSR u I  •~~, ~ ‘ ‘ t v , ’ s i m i l a r  - r r . o - h s  D ( h )  and D ’ ( h )  - An

a r - - (T ,T .) a ’ ;  a : ;  fl (h) i t - m a c t a - i -  of T . interacts with a sul ;o-- T;;.’a;ti I - 1

: ; t a - :  o f  T - !- ‘c-r  I ’ ’ (h) , i t  “ a j u st  be t h a t  the l . a s t  a ; t e- ~ of T .- a

r r t - :t ’ s i u : a the’ f i r’;t t of T - The , t c vo l  Ic at ‘.‘ - f D O-i ) a g a i n  qu ,ar,m:ct a- e s

seriali~~aha i it ,’ , .and that o~ : ‘  ( n )  s t r i c t  ;.- r aal a ;aha lity. Hence , these

re~ irn two rt -; -:- -nv r,a~ -;. -ri . a i iz, ~~jljtv techniques , subsuming two—phase

locking and P , it . th i s -au n t - a - - ; , - t  t aru • too.

Fina l l y ,  i t  a ; ;  •‘a:;y to ,t Sc -  t h a t  the ra’-;ui t a; c-f hu’-tion 6——the

a ; . ’ce -ssc-rv  .tr; l - - - ; f  - a .-a;t — a  I: t a ‘n f- r the- f-.X a a-a t u t i ca ’  of e f fi c i e n t

cchu-luiu rs :t :a - l  a t : ;  c o r - o 1 1 a r a ” s— — ,i 1- - 1 -~~v .-ve’:; r t r  l ; r . - c t l y  to ~~2 i t i— ste - I

hi - a ’  - r a eta - ~~~. ‘ hoj w’ t • h. - reader is by n~~ -c -nv :  a , ’ eni • a t  a a c t  r -In rig

len,’ r i  I m u l t i  — S a - :  ‘ i - ’ a ns ~ at: 1 1 hav e ’  r e ’  su 1 ‘ -  a : ;  an uns~~nageab 1 y

‘j s ’r ;ca ~aa- :;ot-at a —a - a ‘it a : v’-ry  few n e w  a~ a;~~ : ¶ a : ,  ideas .

7 .2  In t er~~reted Transactions

1., ‘; a - r n:f’. tnt  departure from our model ~~- a i I d  be tx’ look more closely

- h. -o~~~’;it at  ions ~-r f ar ~~.’d by the tra nsact a ens and ex~- ioa t t h e i r

de tails b r  ~audvI ng serializabill tv- -cr correc tne- a-a s , in  general. If

only cv nta cti c Information c-bou t the t ransact ions is available (e.g., the

read— and w r i t , - - 4 , ’ a c i  then serI a li z abilit y can ~‘e’ f ormall y proved to be
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the right concurrency concept (K?]. It • however , ‘~c - a t , m n t i ~~s of the

functions performed , or even t h e  integrit ~ cc-tu ,,t ra iai t -~, .are known , then

it may be the ~,-t&e that more liberal c c - i - c i a !  a a ’ rac r ”a inc ip les a man seriali—

zahi lit v are ipp i It-abl e . An examp le’ t ’  ti ;. curre~ t n m - s s  lm r or v  proposed

in (Lal ] ,  where the cm ’ra ~- c a rr ’nc \ c c-t’ t a - i  lair ,  m a r i 1 ’~r-, takes into account in—

format ion about the semantic s and int .-~’r i t~ c - r u st r ai nt s su;’p l led by correct-

ness proofs 01 t h e ’ I au d i  a - I  - a a : .) I t a er a ‘- ,*c u r i s  - The .‘x a .-~~a a ~ which such

information is help ful Is investi~ c- :.- ; in (rI ~~ .

It is d ceuht tul ~-ha -ther ; craT- ICti’ - - a - ” -  c t  It i r , f o r~ a t i ~~n ~an be used

et f e~’t i v e l v  for - c ’r-~~-u r L e n c  v •‘a;t r ’l . Any r.-c -s~-nab1- , comp lex doma in of

i n t e r p r e t a t i o n  (e.~~., a r ithmcti- l w o s l d  cc-c’:; n ak e  t i c .  serializability

pr obl em u n d e c  .1 ;t~ l e ’  . T h e - a  -. h ‘a u ci h r  - 
- c -  ‘~~ a - a r  • ways to se : - ; m r t Ia  1

s em an t i c  in~ a ’raa ,mt Ic - a~ i n  or d e r  I” - a - ~~a - ‘ a r  - cr le rst.i: ;- :ing - a seriali—

~ah ill t v - c t ne  pos. ft 111 v a — a -  -cc , - t h e -  a c- a t a t  a -. a a an’om~ t ions

p ert orm ; ‘ta - - i - - e l y  a I;.- sc-ati a - f unc ti on : - -na u ’t  t h e ’  iaai ; I: at inn s as a ,at the~-

C ’~r m t a -  • It i s  a-~ a rc - a t - - ‘o- .- t~~, , e t t a i s  e n : - . n , :hI’ - the modei

d e v e l o p e d  t hus tar. lr - - ’,d, -: -.ta ~~tv . a i l s  al l ‘ws a m s  a x t e - n d  o ur  or ig ina l

nude -i so as ‘ - - ;—e- r~~’.t nc . t ip le c-c-c a r t e - a : -  e$ - t a tr ~~:a,. a a U-n I t  a history .

An other p c -c  c i  l i i i  y ~~~~ a :  ~- e  ‘.e 1.’~ t I ye I v  c c -n c  a cai’ a - r a a In very

simple a ransact ions - be - inta’ r ;- r.- t . i . A ,~ - c - i a  e - x a r;-- i e  -t a v - r v  comon

t r a n s a c t  Ion a:,; t p er t ‘r t ~c a ~c’1 I — - m n f e r ’ ~: c ’ -~ ‘i n  t a rn is ti e —

a r a n q a c  t ion a a a a .  c - t I c  x o r a l  later a . -  o r  ‘- Its vs l ea - a a v . Se rial I 7 a —

h i  II v h e ome~ t a c - a - or examp 1. - th e Pt - - T  v

P 1 x l Ix h-~ - ø
~~ ~~~ 

~~ ~~~ • I ~ J 4; * 1 W , f i r )

p

~

— - --- ---

~

- —- - - ~~~~~~~~ -~~~~~~~~----- - — -
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is Sot - - . - : ial t i r - i t  1. - a : ,  - ‘U !  ‘ a t  a : c , t  I ’ . : - ’’ r :.t- , l u t  i ’t- - c ’Imt’l, r c iu i V a l . . i ;t  a .  the

seria l hisa - ’a - .- h , T T T T T once we assume t hat  transact ions ari d 4- s 5 1~~~~t - ~

-~ r r  ~m ’~-i. ’aS . i t  - a ~~a :c a ’  a c - a ’. 1 i - a - - t am - s  so!newta.jt ITh- ’!a ‘ ‘mi l a x  i i .  ‘ t a -

pa •‘ i C ’l - a -  of c- a. . t t - a w rv t -r  , - 
a i s a n t . -  a o S t  n i - i  a a Ii, - t a  that if - -

~ 
a - r ’ . 

- . t a a - . I n_ at ‘ - - a- c- I  s.c- a - n  ah 1 .•a. i .  r a i - t  h a - a  - - a c - i  a -  t I t t - a  the

: - ‘ a - - I—n ‘ ion - a t copla ’ r 5 .t ht i to  ‘ ; t 1- ‘ - a i ’i I~ c - our ~~dc 1 , an I Pro~*s i t  i Ut  1

and l~!I~~~ - z- ema an a:;. haa ;U. ..t :a, I.’ a this is ‘ ;aX~~ t 1 - S .  TI an ree~~rk i 1 c-’~’’~

m a ,  a a : ’ ’ a  i t ; ’ a - I . -  a n  a a . . a ; a - x t  • 5 n f oum d j - ’- - n - t , ’ - a .

I_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __  _ _--
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7.3 Distributed Databases

There is a large body of literature ~iimin j at the unaiur;a - iia;ating of

the quite elusive not ion of distributed ‘c-a-at alt an;; (Ma’a - , f i t  a - k ; i P I ~ I C  L ha~ I

Distributed databases have inherited some a- ! the intra~:aci-s of this

area IRG I , (ml. We shal l  l imit oaar - I a - ;  n a  s i - a ,  t a  the’ a- - a ’ f

complete copies of the database in la ffe-r u~~’ locations , -‘ml in c ’uqic there

are d i f f icu l t i e s  wh ic h  f i r s t  appear a t  a ~~. caset - a .‘e ’ ’ ~o~ - i a ~ n ‘a- cf

selective redundancy ~HSRG). A rca ’ I I - -a -a i s , w I c - t - ’ .a; ; - e - a s whe n a

tr v-a~si-tLon as run an one locat ac - a; , a : , : : : ,  : c’:;I y - a . ’- 01 - he twa ’

:t’~ a es .  A simple technaq~ie f o r  : ; o i a - a : ; c r  a n : - . ~~a n i I  f a a- t ‘ a e - a ; c i . ’ m r ; ,~~~.,;-’ a

~~~~
?
~‘z ~7.’ I BCRP to the - a t  he-a i a a - - i t  - - t -  - St  a; - t i - a-  t a - ‘m a , ’, a c t  ‘a : ;  has

We have therefore .1 ce t ue :,  a ’  -~~‘na: a Sa-  t a ’ . : - - t  ions c-nd

update massages running an the system , ‘ma - I we -ar. thus view the t~~

~-ra ~’a e s  of the database as a c i n a ~1r’ ctatabase-- l-:n~- of thu two c - c a - a s s  of

the variable x as tb” ’ vara ,’at Ic-— -; * ,ta ! x .

A dif ’fi- ’arlty appears when we ta-v • i.’taaw a hasaor, . ‘Pt:. - d a c t r a b a i t ed

n~~ ‘ire of our compta t -at  a - ’n , t b. c c-train: -at 1 )’; — t a-l -’ m v s ,‘m: I imperfec’ clocks

mak e temporal pri or it’ ,’--”n which - -‘- ar - ‘rh Sita’.’ t’.c’ : a — :  ‘I history was

based--less tanqable . Thu ‘t—qurv,~~ t on  - .s t hat - ; ‘ c t . ’a k e c  a n  - a Sa-

arran gement of the evsnt s w h i c h  ar e - t at e’ ~~- - he -  ~.i. a . ’~- ta- - I as preserve

his tory eqi,iava lence . Hence , we a l ,  j ’ t n a  ‘ - “ a - - a  1 a r ~i a t c a - . t r ’.’ — - - t h e -  
~i -  -

~~~
- : -

-
. 

_ : ‘f (R( R P } — — -ic long a~ 1’ I c c o n s i c a , - r ~ W i ’ ’  I - a l  I ~~~~~ a t  a,’ ’. and

arr ival s of messages. Now , the ,a
~
-j,-a

~~
c- a.-w’-.- ;, qe’- ‘mi.~ p; 

a~~ • atct - - c -  n a — r n ,

ar id they -“.nl’f read v a r iab l es  tha t wer e tpd ’m ’ uai by --a t . ’,aa • r a a a s . a a t iofl5 .

Henc. the last remerk of the ~- r evi -’n q c u d - c c ’- • a c - a ;  a g a;-j 1 1  - s ’ I , ’ . a n - I  the

LI 
-~~ ~~~~~~~-_---~~~~~~~~~~~~~~~~~~~~

- 

_
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‘a , - a ; o  1 a . t a f -  a I a a v a -i I em t~~~~~; l>t~ca; a c-- Ia; , ~t a t  t. a h.- c I t e -  a 1 ready stud t e-d Of

_ ‘oU ! li e , We’ -t r a -  ac - a t ) . ; ‘ . t  ic-cak ins I -a - ;c - r i , a l a.;,af a l i t ~ ’ , i c - a -  for th~

exla;te-r n t ’ ot art .‘ ~-n a va1erct an- -a - ial ‘ t a - ~
- in w h i ch  c - a ,  update n a - a - - - , a - ; ’ -

a rra-hn , tt ely f o l l o w - , a he _ - ua ! ‘ s i ~~’: . l a : 5  t i _ aa n t ~,’ma ’ a- i o n .  T! t i~~ , I e c a W t ’V t - I  , d c - a - a ;

r t ~ ’ t  ~ h .aa;- i, t i . ,  . - a ; a c a ’  :;, - .-  - t  a 1 -  a ~~~~~ . A l l  - s a  s f a ’cj al - , ma ; c -  a ‘ - a c - i a - a ,  l e o l l

w i t h  very ~ta: c . -a ~~~I : t ; - a ~ - : -  - .

What a;; _ ‘caz ts a I.i a l l y  r~ r -  , ‘c -m & - l v x  n : ’ .  t l a . -  aI ’ .-.t a- i f l i t  c - a t  ~~ U , t a - X t  ia ~

t ha - - a at .- - of s l a - - I - - n I - a - a  - - . Th a - a ,’ as t ao  ‘1 v a  - - ‘ • w i ~~ I - - - 
-
‘ -rca a I.

a;ya;t ,a -a a - a . - - ~a a a • a ;  - - - - :  - : - - - - 1 oi~t I h x s  - a - air  - I : - .1 a a t  c - t a  i al-i ’ - a a ‘ - a-a - .

i ;,i t ,‘m , - t a  i a - v.- ‘ - - a --  - I t  • ‘ ‘a a t  a • a :  • .~ a - - t i _ _ a  • I - - a a t . - - 1; 1 act cry

‘a i:’ Li l . a  - t - , ‘ a :  - 
. : - 1 ~,‘ea - ‘. a ’ a , t a. .- -I c ’  a 1 1- . - f t h e -  uraderl ya a- c-

of I a-c - a :: -
- .- - I a - : . a:. a 1 , -a a ;~~~ .- rc a - :,t the intended

a , c r a a l a : a a - : l a t v  j ; . - . :~ 1 . - i  ‘ t ; c- - ar - a : a - ta .’ a l - I  - a a ’ .a-’ - of )T1a) -ant tBSRGI

21 ;;c a - a t .- a has ~~~ 1 : 1 . ‘- a - ’ - ’ - a ’  n a - i I • iS 5~ il at - r a il - - a .  a .- .r a -

that ‘~t-~.- ~ — a ’ - i c-a .’ a i l  t a - i ’  a -  I - — a- - h  ‘Sc-I.  ~~~ and •

a - ‘- .- a tv-a :; ’ a :‘ a a; ‘ ‘ - ‘ -  ha r i : a t  ‘ I a - - ’ ,- ;  a ‘a,rc.’a;t , c ~~‘. I I 

- - 
a

I.’  - —-- -------- --~- ‘- -~ -~ ~~~~~- - - - —--— ---- - -‘— ~~-.‘---,-~~.,~~~ - ---—~~~ - ~~~~~- - - - -
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7 .4  Open Problem.

We have proposed a formalism ~~i~~a- t h e con cu r r t ’ r.~~’~ cc ’ a u ro i problem for

databases . There are two aspects of t h is  formalism that may l imi t its

applicab ili ty, and must therefore be modified In a sa- cand attempt. One

is our basic assumption , manif ested throughout the ; ‘a p a - r , t ha t  the  s y n t a c t i c

descrip t ion of all transactions to  o a a ’ u a- in the hi ht t ’rv Is known to the-

achedul .r a pr iori. It is not clear how t o  remo v e’ a i l s  assumption , and

still retain the wealth of available so lu ti cena . One way would  be to have ,

following (BSRGJ, a cer tai n number of rrc- tcct y l-’t’ arsncactlons——c’r ~~~~~~ t’

to one of which any arriving transaction can he ra- a ’ a h ed .  Another way out

would  be to adopt only r ” : ’c ; ’ . ~~~~~~
- ‘;~~ 

!,‘r : ’, a cone u rr c- aat ’- controls. Two—phase

locking ( ECLI J is an example of ‘inch a concurrerac v c-r at rot , and so wou ld

be any o the r  locking scheme . The i i m i t a t i ’a ’ . ’ -  of such ap~’rt a a -. hes are

st udied in (KP I. On the other hand , it 1-c pos sible that variants of the

schedul er s presented here could also be Implemented In a t ransaction—driven

manne r -

Secondly, our way of evaluating t h e  ptrforma nce c a t ac - -tuc-d u le r s is also

in need of an improvement. We propo se crnlr a qualitative measure of the

performance of a scheduler——namel y th e sea c’f a l l  output histories. This

lead, to only a partial order of sched u ler~~ This was sh wn to be a

reasonable and usef ul approx imation ‘f realit y when the goal is to derive

indica tive results or compare genera l princip l es of ne r lal ig ab i lit v . it is

cl ear , however , that a more concrete measure 01 performance Is needed for

more practical app l i cation s . One promislrav direction would be to somehow

count the total nu*ber of delays imposed on reque sts- -at a first approxi ma tion ,

the number of tran saction steps that cannot execute inuse diat elv a .p on arrival .
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This would be a a i ’t i n c m e n t  c- I  our - measure :  our  r - Ie-aa-.u r e , accuyh l v speaking,

assigns a perfect sc - c a r e  to  all h ist o rie s that remain t he  same , and zer o

score t o  all t a l  s t o r i es  that a r t -  changed , howeve r a.ranal 1 t h e  change . A

more refined mea sure- might ev e - f l  pu t  t a  t e s t  some c a t  c aa i r assumptions , l ike’

the “opt imist Ic scheduler ” assumpt ion (t- . t -c  t I a n  t- ) : I n  certain cases it

nay be ;‘ra’ I t- r if - le :a~ interv ene- -and nod itv sI i g h a t  i v  t i t e -  histo r y , when

se rializable comp le t  i c - a ;  he ’~ c- ara a a e x t r e m e l y  u n l i k e l y , a l t h o u g h not impossible.

Natura il’.- , adopting .a rcc’ a -  cc -a :cre -tt ’ measure of ;‘e’rformance for schedul e rs

will most likely rc- -; a ; i r e - at;.’ nnt roduc tion of s i - a c i t  1. and pragmatIc det a il s

of the part tLu ls r appl t c c - t  ,-aa , ,.aad the “vt-rail appr ’’t h may have to be

p r o b ab i l i s t i c .

By c c ~nsidering only - - “ a i a l i : a t a  l i l t - .- as c-ca r a-a c’t  ion ot c o r r e c t n e s s  we

have s-c ra-t -h ,’w I lrc n t e l  an n a - a . cc ’pt - Exam;a ic-s ‘1 c-nc air a e- :n v cont  rol  t e chn iques

more genera l  than se-a i , iii 7 . a t - j  I t t - ,- cc -a n ha ’  toaj aid in  ( i c - I  and [KU . They

are arr ly e- cl at by .i- -- cct riai ~ t h a t  I h e ’ ‘ c - t a e ,t u l t ’ r has more than sy ntactic in—

format ion about t tie ’ I t  , l n s c - c  I t a n  gv Sle-ra - a hat It tnint Ic -s——e.g., semantic

informa t I ‘n - ‘a under a c-nd a a ~ - - a t a - t n t  egr  its’ c -nc a r.-a I n a  -— . It Is pointed

c-ut In ( aJ’ J hc - t -.a’ a h a l  i a n t l —  f l i t - .- is ~‘;st one -  point in th e trade—off

between a:a t ormatfon and ;t’ r~ ormance of schedulers. However , we f ee l  that

t h e - r e ’ is something - c a u r a l  al -ut the’ uge’ of syntactic information for con-

currency control , a:- I t he importance of concurrenc y te chniques stronger

tha n s er i a l i z a h i l l a ’ . Is of lIm ited practical •‘alue .

Finall y . we recall t w a  other problems that are left open here : the

complexit y of recognizing the clas s SSR , and developi ng techniques for

desi gning dis tributed schedulers f rom syntactic spe ci f~ ca’Lions.

t
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